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Summary 






Microbial fuel cell (MFC) is an eco-friendly technology for renewable energy recovery 
in which the substrate is biologically treated and electrical energy is generated. Among 
the influential factors, the electrode material and catalyst play a crucial role in 
electricity generation and organic removal efficiency. To date, carbon nanotubes 
(CNTs) have exhibited promising properties as electrode material and catalyst support 
due to their unique structural, electrical, physical and chemical properties. In this 
study, MFCs equipped with anodes and cathodes, fabricated by various preparation 
methods, from different types of CNTs and catalysts, were tested for their 
performance.  
 
In the first study on different preparation methods, multi-walled carbon nanotube with 
carboxyl (MWCNT-COOH)-based anodes were fabricated from spraying, incubation, 
sputtering and filtration. The filtration method in which a MWCNT suspension was 
vacuum-filtered through a Poreflon membrane exhibited the best preparation method 
due to excellent morphological criteria, physical characteristics and MFC performance 
of MWCNT filter-coated on membrane. In addition, this novel method was simple, 
cost-effective, time-saving and highly efficient in providing uniform dispersion of 
highly entangled MWCNT networks.  
 
In the second study on different CNT-based anodes, impacts of CNT nature and 
functional groups from single-walled carbon nanotube with carboxyl (SWCNT-
Summary 
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COOH), MWCNT-COOH and multi-walled carbon nanotube with hydroxyl 
(MWCNT-OH) were evaluated. MFC with MWCNTs showed better performance than 
SWCNTs due to the looser network dispersion and rougher surface of MWCNTs, 
resulting in improved microbial attachment and electron transfer. With different 
functional groups, MWCNT-OH showed larger spaces for microbial growth and 
stronger adhesion forces between bacteria and MWCNT surfaces than MWCNT-
COOH, resulting in better MFC performance. From biocompatibility tests with 
Escherichia coli (E. coli), MWCNTs indicated an absence of toxicity over the range of 
concentration tested. On the other hand, SWCNTs at high concentrations showed 
damaged cells of E. coli. Additionally, MWCNT-OH filter-coated on membrane 
proved cost-effective, further emphasizing its potential to replace carbon cloth for 
MFC anodes.  
 
In the third study on different CNT-based cathodes, SWCNT-COOH, MWCNT-
COOH, MWCNT-OH, Pt/SWCNT-COOH and Au/MWCNT-COOH filter-coated on 
membrane were evaluated. Without catalyst, MFC with SWCNT-COOH displayed 
highest performance due to excellent morphological and physical characteristics, 
resulting in enhanced spaces for oxygen reduction and electron transfer. To decorate Pt 
and Au on CNTs, deposition-precipitation (DP) was conducted with simple, cost-
effective and time-saving procedure, achieving small and uniform dispersion of 
catalysts. The electrical performance of Pt/SWCNT-COOH and Au/MWCNT-COOH 
MFC was comparable to that obtained from Pt-carbon cloth. In addition, both MFCs 
provided better organic removal efficiencies and Coulombic efficiencies than Pt-
carbon cloth. This was explained by improved catalytic activity from DP method 
together with high specific surface area, high conductivity and three-dimensional 
Summary 
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network structure of CNT support. For an economic point of view, Au/MWCNT-
COOH cathode proved cost-effective which was 4 times lower than Pt-carbon cloth. 
Therefore, Pt/SWCNT-COOH and Au/MWCNT-COOH were identified as possibly 
good candidates to replace Pt-carbon cloth for MFC cathodes. 
 
Based on the studies conducted, CNT-based electrodes from filtration method have the 
potential to replace conventional materials in an MFC, and with the lowered cost and 
the excellent performance on electricity generation and organic removal efficiency, 
bring about an increased interest in MFC applications.  
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1.1 Present Energy Outlook 
Energy issues and security have received a lot of attention all over the world recently. 
For the world to prosper, clean, efficient and affordable energy services must be 
available. Approximately 87% of the world’s energy production comes from fossil 
fuel, but it is fast being exhausted, which may lead to a global energy crisis in the near 
future (US Energy Information Administration, 2004). As shown in Figure 1.1, the 
amounts of fossil fuel consumed are greater than the amounts produced in United 
States (US). The difference between energy production and consumption shows the net 
imports of energy by the US in order to meet the energy demands (United Nations 
Energy for Sustainable Future, 2010). Furthermore, the combustion of fossil fuel emits 
carbon dioxide and the greenhouse gases that cause global climate change and rising 
sea water level, thus threatening food security (Intergovernmental Panel on Climate 
Change, 2007). With increased fossil fuel price from global demand, energy scarcity 
and global climate change problems, other sustainable energy sources have been 
sought to mitigate these problems. Nuclear power offers a carbon-free approach to 
energy production, but radioactive wastes and leakages cause a serious threat as no 
proper disposal techniques exist (US Nuclear Regulatory Commission, 2009). Carbon-
neutral and renewable energy alternatives such as hydropower, solar energy, wind 
power and biomass are continually researched and wider portfolios are required 
(Energy Information Administration, 2008).  
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Figure 1.1 Total energy production and consumption in US, 1980-2035.                                                           
(US Energy Information Administration, 2011) 
 
Among these energy alternatives, biomass is proposed as one of the future energy 
sources, since it is carbon neutral. However, biomass energy is used today mostly from 
combustion process (Energy Information Administration, 2008). A means to capture 
the energy values in biomass without combustion would provide sustainable energy for 
global society without causing pollution problems. Microorganisms can channel the 
electrons and their energy to form methane, hydrogen and electricity (Lee et al., 2008). 
Among these energy forms, electricity is attractive because it can be directly used 
without any conversion process. 
 
To date, one of the most readily available sources of biomass is wastewater. Generally, 
low strength domestic wastewater is treated using an aerobic process such as the 
activated sludge process. However, in the aerobic process, energy requirement is high 
due to aeration and the excess sludge produced has to be properly handled and 
disposed (Tchobanoglous and Burton, 2002). In recent years, the trend in research is to 
consider wastewater not only as a waste to dispose but also as a source of energy that 
could be harvested (Logan et al., 2007). Therefore, finding a technology allowing high 
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efficiency of wastewater treatment and direct harvesting of electricity from wastewater 
would be of prime interest. 
 
1.2 Microbial Fuel Cell Technology 
Microbial fuel cell (MFC) is an eco-friendly technology with potential applications for 
wastewater treatment because of its ability to treat wastewater and simultaneously 
recover electrical energy. MFC uses bacteria to directly convert organic matters into 
energy, carbon dioxide and water. The energy generated is generally used to promote 
bacterial growth and maintain their metabolism. However, MFCs allow diverting and 
harvesting part of this energy in the form of electricity, using a biofilm growing on the 
anode of the system. Therefore, MFC could be an ideal technology for wastewater 
treatment, renewable energy generation and portable power supply (Liu et al., 2004a; 
Logan et al., 2006). Due to its potential advantages, MFC has garnered considerable 
interest in recent years. Figure 1.2 shows an increase in number of MFC articles 
published since 1991.  




































































Figure 1.2 Number of MFC papers published from 1991-2011.                                                                  
(Scopus, December 2011) 
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Many factors affect MFC performance including substrate (Min and Logan, 2004), 
electrode material (Wei et al., 2011a), catalyst (Zhou et al., 2011), microbial inoculum 
(Rinaldi et al., 2008), mediator (Kim et al., 2000), reactor design (Rinaldi et al., 2008), 
electrode spacing (Rinaldi et al., 2008), internal and external resistance (Aelterman et 
al., 2008) and proton exchange membrane (PEM) (Liu et al., 2005). As important parts 
of MFCs, both anode and cathode, and catalyst play integral roles in electricity 
generation and organic removal efficiency. These issues will be dealt with in later 
section. 
 
1.3 Problem Statements 
1.3.1 CNT-based Anodes 
Among the factors that influence MFC performance, the anode is an important 
parameter, regulating electricity generation and organic removal efficiency (Logan et 
al., 2007; Wei et al., 2011a). The specific requirements for an MFC anode include high 
electrical conductivity, high specific surface area, high surface roughness, high 
porosity, chemical stability, easiness of fabrication, appropriate mechanical strength,  
strong biocompatibility and cost-effectiveness (Higgins et al., 2011; Wei et al., 2011a; 
Zhou et al., 2011). It is known that different anode materials impact on microbial 
colonization, electron transfer capability and anode surface reaction (Wei et al., 2011a; 
Zhou et al., 2011). Carbon cloth and carbon paper are commonly used MFC anode 
materials due to their high conductivity and good chemical stability in microbial 
culture (Logan et al., 2006); however, both materials display limited catalytic activity, 
low specific surface area and low porosity (Rabaey et al., 2005). In addition, carbon 
paper is fragile and may not be suitable for long term MFC operation (Kim et al., 
2007). Therefore, it is necessary to develop new types of anode materials for MFCs 
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and carbon nanotubes (CNTs) are promising candidates due to their unique structural, 
electrical, physical and chemical properties (Qiao et al., 2007; Sharma et al., 2008).  
 
Multi-walled CNTs (MWCNTs), made of several graphene layers rolled in on 
themselves to form a tube, are the preferred material (Higgins et al., 2011; Qiao et al., 
2007; Sharma et al., 2008; Sun et al., 2010a; Tsai et al., 2009; Zou et al., 2008), but 
single-walled CNTs (SWCNTs), made of a single graphene layer, have also been used 
(Xie et al., 2011). However, in the absence of comparison, it remains unclear which 
type of CNTs could be the most suitable MFC anode material. Additionally, the impact 
of the functional groups on the CNT surface has yet to be investigated as all research 
studies so far has been conducted with carboxyl (-COOH) groups only. Alternatively, 
hydroxyl (-OH) groups on CNT may improve anode characteristics in terms of 
bacterial attachment due to strong adhesion forces of hydrogen bonds between the -OH 
groups on CNTs and the hydrogen bond acceptors or donors present on the bacterial 
cell walls (Parreira et al., 2011; Xu and Logan; 2006).  
 
Generally, fabrication methods of CNT-based anodes vary from air spraying to 
dipping-drying methods to coat CNT suspensions on carbon supports with the aid of 
Nafion (Higgins et al., 2011; Sun et al., 2010a; Tsai et al., 2009; Xie et al., 2011; Zou 
et al., 2008); however, Nafion used as a binder has been shown to increase electrode 
resistivity (Chen et al., 2002; Nagle and Rohan, 2008). Moreover, the thin CNT films 
on carbon supports may prove unstable in the long term, especially when a high flow 
rate is applied. Therefore, the anode preparation process without Nafion is needed. Sun 
et al. (2010a) proposed a layer-by-layer self-assembled method that made use of 
positively charged polyethyleneimine to coat negatively charged CNTs onto carbon 
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paper. Such anode showed an increase of power density by 20% as compared to plain 
carbon paper; however, the open circuit voltage was negatively affected. Alternatively, 
some researchers have proposed the filtration method to fabricate CNT thin films 
called buckypaper for hydrogen fuel cell and proton exchange membrane fuel cell 
applications (Tang at al., 2007; Wang et al., 2004b, Zhu et al., 2009; Zhu et al., 2010a, 
Zhu et al., 2010b). Buckypaper, free-standing thin film formed with dispersed porous 
networks of CNTs, was generally made from the mixture of SWCNT-COOH and 
carbon nanofiber (CNF); however, CNF may increase resistivity of buckypaper (Zhu et 
al., 2009; Zhu et al., 2010b).  
 
Biocompatibility is one of the most important properties of MFC anode because 
toxicity of anode material can adversely impact on MFC performance. To date, 
biocompatibility studies of CNTs on bacteria have been reported to be controversial. 
Some research studies have shown inhibitory effect of CNTs on bacterial growth 
(Kang et al., 2007; Magrez et al., 2006), but other research works have concluded that 
bacterial immobilization on CNTs was indeed possible (Dumitru et al., 2008; Gutierrez 
et al., 2007; Upadhyayula et al., 2009). In addition, no attempt has been reported on 
biocompatibility of CNTs with functional groups (e.g. -OH groups) and CNTs with 
metal catalysts (e.g. platinum and gold).  
 
1.3.2 CNT-based Cathodes 
At the cathode of an MFC, oxygen is the most suitable electron acceptor; however, the 
slow rate of oxygen reduction reaction (ORR) leads to high reduction overpotential, 
which is among the most limiting factors in the MFC performance. A catalyst is 
generally required to decrease the activation energy barrier and improve the kinetics of 
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ORR (Rismani-Yazdi et al., 2008). The catalyst support affects the stability and 
catalyst performance due to the different interaction between the catalyst particles and 
supports (Shen et al., 2008). The specific requirements for catalyst support were high 
conductivity, specific surface area, corrosion resistance and capability to create 
anchoring sites with metal catalyst (Tang and Chen, 2004; Timur et al., 2007). CNTs 
are promising candidates as a catalyst support and also a cathode material due to their 
outstanding electrical, physical and chemical properties.  
 
Platinum (Pt) is currently the most popular catalyst in MFC due to its excellent 
catalytic activity. However, commercial feasibility of Pt is limited because of high 
cost, possible poisoning and also its catalytic activity depends on the pH (He and 
Angenent, 2006; Logan et al., 2006). Therefore, Pt load might be reduced or 
alternative catalysts might be investigated. To reduce the Pt load while still 
maintaining high catalytic activity property, a suitable catalyst loading method and 
high specific surface area of catalyst support are the important factors. 
 
Gold (Au) might be used as alternative catalyst to Pt due to its low reduction 
overpotentiall (Kargi and Eker, 2007), high catalytic activity for both oxidation and 
reduction reactions (Bond and Thompson, 1999; Choudhary and Goodman, 2002) and 
high conductivity (Sun et al., 2010b). Compared to Pt, Au exhibits lower poisoning 
effect caused from adsorbed intermediates (Basu and Basu, 2011). In addition, the cost 
of Au catalyst is 1.37 times cheaper than Pt catalyst (Kitco metal Inc., 2010). Only one 
research group has proposed Au coated on copper wire served as a cathode; however, 
the comparison of MFC performance between such Au-cathode and conventional Pt-
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cathode has not been reported (Kargi and Eker, 2007). In addition, no research studies 
have been reported the usage of Au catalysts on CNT supports in MFC system.  
 
Various decoration methods of Pt and Au catalysts have been reported for a variety of 
supporting materials; however, little research has been investigated on CNT supports. 
These decoration methods include impregnation (Jafri et al., 2009; Li et al., 2006b; 
Rabbani et al., 2009), co-precipitation (Reddy et al., 2009), sonochemical technique 
(Xing, 2004, Yang et al., 2006) and sputtering (Alexeyeva et al., 2010; Gruber et al., 
2005; Tang et al., 2011b). However, some techniques require specific and expensive 
equipment with complex and time-consuming procedure. Alternatively, deposition-
precipitation (DP) method is characterized by the precipitation of the active phase 
precursor on the surface of the supports, followed by crystallographic deposition 
(Haruta and Date, 2001). Typically, the DP method is the preferred decoration method 
for Au (Phonthammachai and White, 2007; Phonthammachai et al., 2008), but it has 
been scarcely used to prepare supported Pt catalyst (Chytil et al., 2009; Plomp et al., 
2009). In addition, no research studies on DP method for Pt and Au on CNT supports 
have been reported. 
 
1.4 Research Objectives 
Among the factors that influence MFC performance, the electrode material and 
catalyst play a crucial role in electricity generation and organic removal efficiency. 
CNTs have exhibited promising properties as an anode material due to their unique 
properties (Timur et al., 2007). However, for an actual MFC system, only a few studies 
have been conducted on CNT-based anodes (Higgins et al., 2011; Qiao et al., 2007; 
Sharma et al., 2008; Sun et al., 2010a; Tsai et al., 2009; Xie et al., 2011; Zou et al., 
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2008). As such, there is a need for a systematic study to assess the optimal CNT 
material to be used. The impacts of the CNT nature (single- or multi- wall) and 
functional groups (-COOH or -OH) of CNTs on MFC performance should be further 
investigated in order to improve bacterial attachment, electron transfer capability, 
substrate diffusion and substrate oxidation at the anode. Furthermore, a simple, time-
saving, cost-effective and highly efficient preparation method of CNT-based anodes 
should be implemented. Finally, the biocompatibility of CNT-based anodes remains 
uncertain and should be tested by a variety of methods.  
 
At the cathode, CNTs are also promising candidates as a catalyst support and a cathode 
material due to their high conductivity, specific surface area, corrosion resistance and  
capability to create anchoring sites with metal catalyst (Tang and Chen, 2004; Timur et al., 
2007). However, only a few studies have been conducted on CNT-based cathodes for 
MFC (Deng et al., 2010; Sharma et al., 2008; Zhang et al., 2011). The impacts of the 
CNT nature and functional groups of CNTs on cathode performance should be further 
investigated. Due to the ever-increasing price and poor stability from poisoning of Pt, 
the alternative catalysts should be investigated. Alternatively, Au seems to be a good 
alternative to Pt due to its low reduction overpotential (Kargi and Eker, 2007), high 
catalytic activity (Bond and Thompson, 1999; Choudhary and Goodman, 2002) and 
high conductivity (Sun et al., 2010b). Compared to Pt, Au exhibits lower poisoning 
effect (Basu and Basu, 2011) and lower cost (Kitco metal Inc., 2010). However, no 
research studies have been reported the usage of Au catalysts on CNT supports in 
MFC. As such, Au catalysts on CNTs should be further fabricated in order to reduce 
MFC cost and also improve cathode performance. Various decoration methods of 
metal catalysts have been reported for a variety of supporting materials (Jafri et al., 
2009; Rabbani et al., 2009; Tang et al., 2011b; Xing, 2004, Yang et al., 2006); 
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however, little research has been investigated on CNT supports. Unfortunately, some 
techniques require specific and expensive equipment with complex and time-
consuming procedure. Alternatively, DP is a simple, cost-effective, time-saving and 
efficient decoration method for Au on SiO2 supports (Qian et al., 2010). As such, 
decoration of metal catalysts on CNT supports by DP method should be further 
investigated in order to obtain small and highly uniform dispersion of catalysts, 
resulting in improvement of catalytic activity. 
 
The main objective of this PhD research is to improve MFC performance in terms of 
power generation and organic removal efficiency using prepared CNT-based 
electrodes. This thesis is separated into three sections, with each section focusing on 
different aspects of fulfilling the main objective of this thesis.  
 
The objectives are as follows: 
In section I, different preparation methods of CNT-based anodes  
 To systematically study and develop simple, time-saving, cost-effective and 
highly efficient preparation methods for CNT-based anodes.  
 To evaluate CNT-based anodes fabricated from different preparation methods  
based on morphology, surface roughness, conductivity and mechanical 
property.  
 To investigate the influences of preparation methods of CNT-based anodes  
based on MFC performance in terms of power generation, organic removal  
efficiency and bacterial attachment. 
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In section II, different types of CNT-based anodes 
 To evaluate three different types of CNTs filter-coated on Poreflon membrane 
anodes from SWCNT-COOH, MWCNT-COOH and MWCNT-OH based on 
morphological criteria, physical characteristics and biocompatibility 
assessment.   
 To investigate the influences of types of CNT nature and types of functional 
groups on CNT surfaces based on MFC performance in terms of power 
generation, organic removal efficiency and bacterial attachment. 
 
In section III, different types of CNT-based cathodes 
 To systematically study and optimize parameters of DP method for decoration 
of Pt and Au nanocatalysts on SWCNT-COOH and MWCNT-COOH, 
respectively. 
 To evaluate Pt/SWCNT-COOH and Au/MWCNT-COOH prepared from 
different DP conditions based on structure and composition as well as 
morphology and size distribution.  
 To evaluate different types of cathodes from SWCNT-COOH, MWCNT-
COOH, MWCNT-OH, Pt/SWCNT-COOH and Au/MWCNT-COOH based on 
morphology, conductivity, specific surface area and biocompatibility.   
 To investigate the influences of types of CNT nature with their functional 
groups and types of metal catalyst with their concentrations on cathodes based 
on MFC performance in terms of power generation and organic removal 
efficiency.  
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1.5 Thesis Organization  
The subsequent parts of this thesis are sub-divided into the following chapters: 
Chapter 2 – Literature review 
This chapter presents a comprehensive review of published literature conducted on 
both MFC application and CNT material. These include basic concept of MFCs, 
prospects, actual voltage output, electrical and microbiological aspects, mechanism of 
electron transfer, reactor design, substrate, anode, cathode, catalyst, dispersion of 
CNTs, CNT-modified electrode and decoration of catalysts on CNTs. Discussions are 
focused mainly on previously described preparation of CNT-modified electrodes in 
MFCs, CNT biocompatibility studies and decoration methods of Pt and Au on CNT 
supports.  
 
Chapter 3 – Materials and methods 
This chapter describes the various preparation methods for CNT-modified electrodes 
and the procedures to evaluate their qualities. These CNTs include SWCNT-COOH, 
MWCNT-COOH and MWCNT-OH. This chapter also demonstrates the decoration 
and characterization of Pt and Au nanocatalysts on the CNTs. The analysis of 
performance of MFCs equipped with CNT-based electrodes is presented. 
 
Chapter 4 – Different preparation methods of CNT-based anodes to improve MFC 
performance 
This chapter describes the various preparation methods from air spraying, incubation, 
sputtering and filtration for MWCNT-COOH-based anodes. The systematic studies on 
parameters to fabricate MWCNTs filter-coated on membrane are provided. The 
qualities of CNT-based anodes based on morphology, roughness, conductivity and 
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mechanical property are evaluated. The MFC performance from chemical analysis, 
electrical calculation and biofilm images are presented. 
 
Chapter 5 – Different types of CNT-based anodes to improve MFC performance 
This chapter describes the MFC equipped with CNTs filter-coated on membrane from 
different CNT nature and functional groups, namely SWCNT-COOH, MWCNT-
COOH and MWCNT-OH. The systematic studies on parameters to fabricate SWCNT-
COOH and MWCNT-OH filter-coated on membrane are provided. The qualities of 
prepared anodes based on morphological criteria, physical characteristics and 
biocompatibility assessment are discussed. The MFC performance in terms of power 
generation and organic removal efficiency is presented. In addition, the influences of 
hydraulic retention time, external resistance and acetate concentration for MFC 
operation are discussed. 
 
Chapter 6 – Different types of CNT-based cathodes to improve MFC performance 
This chapter describes the decoration of Pt and Au nanocatalysts on SWCNT-COOH 
and MWCNT-COOH using DP method. Influential decoration parameters including 
pH, refluxing temperature, refluxing time and concentration of metal precursor are 
presented and evaluated based on morphology, composition and size distribution. The 
MFC performance in terms of power generation and organic removal efficiency is 
presented.  
 
Chapter 7 – Conclusions and recommendations 
This chapter summarizes the major conclusions of this study. Based on the 
experimental findings, recommendations are also provided for future studies on MFCs. 
Chapter 2                                                                                                                                       Literature Review 






2.1 Basic Principle of Microbial Fuel Cell 
A microbial fuel cell (MFC) mainly consists of an anode and a cathode, which are 
partitioned by a proton exchange membrane (PEM) and connected by an external 
electrical circuit (Figure 2.1).  
 
Figure 2.1 Schematic diagram of a typical MFC with a PEM and oxygen reduction at a cathode        
(Adapted from Rabaey and Verstraete, 2005). 
 
Bacteria found in the wastewater develop a layer of biofilm onto the anode surface. 
Then, such bacteria oxidize organic substrates into carbon dioxide, protons and 
electrons. The electrons obtained from an electron donor are transferred to the anode. 
This occurs either through direct contact, nanowires, mobile electron shuttles or 
mediators. During electron production, protons are also produced in excess. Such 
protons migrate through the PEM to the cathode. The electrons flow from the anode 
through the external electrical circuit loaded with a resistor to the cathode where they 
combine with oxygen and protons to form water. The potential difference between the 
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anode and the cathode along with the movement of the electrons, results in the 
generation of electricity. Also, carbon dioxide is produced as an oxidation product. 
However, there is no net carbon emission because the carbon dioxide in the renewable 
biomass originally comes from the atmosphere in the photosynthesis process (Logan et 
al., 2008; Rinaldi et al., 2008).                                                                                                                                              
 
Typical electrode reactions are given below using acetate as the substrate. 




 bacteria  2HCO3-   + 9H+  + 8e-   (NADH, Eo’ = -0.32 V)               (Equation 2.1) 
Cathodic reaction:  
2O2  + 8e
- + 8H+    4H2O     (Eo’ = 0.82 V)                 (Equation 2.2)                                                    
Overall:  
CH3COO
- + 2O2     2HCO3-   + H+    (Equation 2.3) 
 
For optimized electricity production, the anode should have higher potential than other 
possible electron acceptors in wastewater, such as sulphate and iron. Therefore, the 
energetic gain will be higher for bacteria that can deliver the electrons to the anode. On 
the other hand, if the anode potential is too low, electricity generation will stop and 
fermentation will start. Due to its high potential, oxygen should be avoided in the 
anode area (Logan and Regan, 2006). 
 
The total energy released during a reaction can be calculated as in the equation. 
 G = -nFE                                                                                                              (Equation 2.4) 
Where: 
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G = total energy (J/mol) 
n = the number of electrons involved 
F = Faraday’s constant (96,485 J/V/mol) 
E = difference of the reduction potentials between the electron acceptor and the 
electron donor 
 
From Equation 2.4, the theoretical potential difference of an MFC when electrons are 
transferred from acetate to oxygen is approximately 1.1 V, leading to an energy gain of 
847.60 kJ/mol of acetate. However, the measured MFC voltage is considerably lower 
due to a number of losses.    
 
2.2 Actual Voltage Produced 
Practically, the actual voltage output of an MFC is less than the theoretical voltage due 
to irreversible losses, namely activation losses, ohmic losses and mass transport losses 
(Figure 2.2) (Rabaey and Verstraete, 2005; Rismani-Yazdi et al., 2008). 
 
 
Figure 2.2 Ecathode and Eanode polarization curve indicating the region of activation losses (region A), 
ohmic losses (region B) and mass transport losses (region C). The cell voltage is represented by ΔE, the 
losses byΣ and the ohmic losses by I.ΣRΩ  (Adapted from Clauwaert et al., 2008). 
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The real operational voltage output (Vop) of an MFC can be determined by subtracting 
the voltage losses associated with each compartment from the thermodynamically 
predicted voltage as follows (Appleby and Foulkes, 1989): 
Vop = Ethermo − [(act + ohm + mass)cathode + (act + ohm + mass)anode]                           (Equation 2.5) 
 
Where: 
Ethermo = the thermodynamically predicted voltage  
act = the activation loss due to reaction kinetics 
ohm = the ohmic loss from ionic and electronic resistances 
mass = the concentration loss due to mass transport limitations 
 
The equation above shows that cathode and anode overpotential collectively limit the 
performance of MFCs and that the overall performance can be improved by optimizing 
both the anode and the cathode. 
 
Activation losses occur because of the energy needed to transfer the electrons in an 
oxidation/reduction reaction. Oxygen reduction is the most common cathodic reaction 
in MFC. The slow rate of oxygen reduction leads to a high reduction overpotential, 
which is among the most limiting factors for the MFC performance (Gil et al., 2003). 
These losses can be reduced by using mediators, improving electrode catalysis, 
improving biofilm enrichment and increasing the electrode surface area (Logan et al., 
2006). 
 
Ohmic losses (internal resistance) include resistance from the PEM, electrodes, 
contacts, current collectors and compartment solutions. These losses can be minimized 
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by using highly conductive materials and solutions for the electrodes, electrolytes and 
PEM. Improvement can also be introduced by reducing the space between the anode 
and the cathode, and fitting appliances properly (Logan et al., 2006). 
 
Mass transport losses (concentration losses) are due to the rate of mass transport of a 
species to or from the electrodes not equivalent to current generation. Maintaining 
sufficient buffer capacity and an even distribution of oxygen across the cathode can 
reduce mass transport losses. In addition, optimization of MFC operating conditions, 
electrode materials, and cathode compartment geometry can minimize mass transport 
limitations (Logan et al., 2006). 
 
2.3 Electrical Aspects of MFCs 
2.3.1 Electrical Parameters 
A maximum working voltage of 0.3 - 0.7 V is commonly achieved in MFCs (Logan, 
2008). According to Ohm’s Law, the voltage (E) is a function of the current (I) and 
the external resistance (Rext) (Equation 2.6). 
E = IRext                                                                                  (Equation 2.6) 
 
The potential difference between the electrodes (E), together with the current 
produced, generates power (P) (Equation 2.7). 
P = IE                                                                       (Equation 2.7) 
 
When the external resistance is infinite and no current flows through the circuit, the 
open circuit voltage (OCV) is obtained. Theoretically, the OCV should approach E. 
Chapter 2                                                                                                                                       Literature Review 
Development of carbon nanotube-modified electrodes for microbial fuel cell application                     19 
Practically; however, the OCV is substantially lower than the E due to various 
potential losses, as mentioned earlier.  
 
2.3.2 Polarization and Power Density Curves 
Relationship between voltage and current density can be visualized by a polarization 
curve (Figure 2.3). The curve is plotted by measuring the voltage produced when 
decreasing external resistance step-wise from infinity. The OCV is first measured, 
which is the maximum voltage that can be obtained and achieved when there is infinite 
resistance. According to Ohm’s Law, the current will increase proportionally with the 
decrease in voltage. In terms of power density curve, it can be calculated using 





P                                                                                                                                                (Equation 2.8) 
Where: 
E = electromotive force of the cell 
Rint = internal resistance 
 
Figure 2.3 The polarization curve (blue), with the open circuit voltage (OCV) and ISCC (short circuit 
current density) and the power performance curve (red), with the maximum power density (Pmax). From 
the point of maximum power density, the optimal voltage (Eopt) and optimal current density (Iopt) can 
be deduced (Adapted from Clauwaert et al., 2008). 
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From both polarization and power density curves, the maximum power density and the 
corresponding values of optimal voltage and optimal current density can be deduced 
(Logan, 2008). Generally, the output power depends on the rate of substrate 
degradation, the rate of electron transfer from bacteria to the anode, the rate of proton 
transfer, and the circuit resistance (Zhou et al., 2011).  
 
2.4 Microbiological Aspects of MFCs 
2.4.1 Exoelectrogens 
A diversity of bacteria known as exoelectrogens have the ability to directly transport 
electrons outside of their cells, which allow them to function in MFCs (Logan, 2008). 
Table 2.1 lists various types of exoelectrogens with their electron transfer mechanisms. 
 
The substrate acts as an electron donor and with the aid of these exoelectrogens on the 
anode, the electrons are transferred in the anode, and finally flow through the external 
circuit to the cathode to complete the circuit. Only a few of these exoelectrogens have 
been isolated and identified. A majority of these exoelectrogens belong to the 
Proteobacteria phylum and some of the most common are iron reducing bacteria 
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Table 2.1 Examples of exoelectrogens. 
Microorganism Transfer mechanism Reference
Aeromonas hydrophila Membrane-bound cytochromes Pham et al., 2003
Alcaligenus faecalis Self-shuttle   Rabaey et al., 2004
Clostridium beijerinckii Not reported Niessen et al., 2004
Clostridium butyricum Not reported
Desulfuromas acetoxidans Not reported Bond et al., 2002
Enterococus gallinarum Not reported   Pham et al., 2003
Escherichia  coli Self-shuttle Zhang, 2008
Geobacter metallireducens Nano wires Childers et al., 2002           
Xing et al., 2008




Not reported Holmes et al., 2004
Geothrix fermentans Self-shuttle Bond and Lovley, 2005      
Childers et al., 2002
Pelotomaculum 
thermopropionicum
Nanowires Gorby et al., 2006
Pseudomonas aeruginos Self-shuttle Hernadez et al., 2004
Rhodoferax ferrireducens Membrane-bound cytochromes Chaudhuri and Lovley, 2003  
Xing et al., 2008
Rhodopseudomonas
palustris
Shewanella oneidensis Mediator: Anthraquinone-2,6-
disulfonate (AQDS)
Ringeisen et al., 2006
Shewanella putrefaciens Membrane-bound cytochromes Kim et al., 2002
Synechocystis Pcc6803 Nano wires Gorby et al., 2006
Nanowires Xing et al., 2008
 
 
2.4.2 Mixed Bacterial Cultures 
Mixed bacterial cultures in MFCs have several advantages over pure cultures. Firstly, 
they provide a higher resistance against process disturbances such as sudden change in 
temperature, pH and nutrient contents. Secondly, the condition of mixed bacterial 
community is more easily maintained and cheaper to operate. Thirdly, more substrate 
versatility is available and higher power output could be achieved (Pham et al, 2006). 
Generally, the electrochemically active mixed bacteria cultures are enriched from 
complex substrates such as activated sludge, domestic wastewater, ocean sediments 
and animal wastes (Cheng et al., 2006c; Tender et al., 2002). 
Chapter 2                                                                                                                                       Literature Review 
Development of carbon nanotube-modified electrodes for microbial fuel cell application                     22 
2.5 Mechanism of Electron Transfer 
To date, four mechanisms on the electron transfer from bacteria cells to the anode have 
been proposed. 
2.5.1 Mobile Redox Shuttles 
Some bacteria can produce and use soluble components know as redox shuttles or 
redox mediators to transfer electron (Figure 2.4). The most extensively described are 
phenazine components such as pyocyanin and phenazine-1-carboxamide, which are 
produced by Pseudomonas species (Rabaey et al., 2005). 
 
 
Figure 2.4 Schematics of mediated electron transfer mechanism via endogenous mediators                        
(Rinaldi et al., 2008). 
 
2.5.2 Direct Membrane Bound Complex  
Some bacteria can directly transfer electrons from the respiratory enzymes on their 
outer membranes to the anode (Figure 2.5). This has been described extensively for 
Geobacter species, where electron transfer to Fe(III) oxides requires the presence of 
cytochromes c and other outer membrane proteins (Afkar et al., 2005; Leang et al., 
2005; Mehta et al., 2005).  
 
Figure 2.5 Schematics of direct electron transfer mechanism via membrane bound cytochromes                
(Rinaldi et al., 2008). 
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2.5.3 Nanowires 
Some bacteria can produce network of nanowires (2 - 3 µm length) as conductive 
appendages (Figure 2.6) (Zhang et al., 2008). Gorby and Beveridge (2005) reported the 
occurrence of conductive appendages for both Geobacter and Shewanella species, 
which were termed nanowires. 
 
Figure 2.6 Schematics of direct electron transfer mechanism via electronically conducting nanowires 
(Rinaldi et al., 2008). 
 
2.5.4 Exogenous Mediators 
Generally, bacterial cells containing electrochemically active proteins tend to be 
electrochemically inactive as their cell wall structures consist of non-conducting 
materials such as lipid and peptidoglycan (Park and Zeikus, 2002). Therefore, 
mediators are used to facilitate electron transfer between the anode and 
electrochemically inactive bacteria cells (Figure 2.7). A variety of chemicals have been 
used as exogenous mediators such as potassium ferricyanide (Emde et al., 1989), 
thionine (Kim et al., 2000), neutral red (NR) (Park and Zeikus, 2000), 2-hydroxy-1,4-
naphthoquinone (HNQ) and  humic acid (Nevin and Lovley, 2000). 
 
Figure 2.7 Schematics of mediated electron transfer mechanism via exogenous mediators                      
(Rinaldi et al., 2008). 
 
Chapter 2                                                                                                                                       Literature Review 
Development of carbon nanotube-modified electrodes for microbial fuel cell application                     24 
2.6 Microbial Fuel Cell System 
2.6.1 MFC Design and Architecture 
Different MFC designs have been used for different research objectives (Logan et al., 
2006). The most basic design is the double-chamber MFC that consists of the anode 
and the cathode in separate chambers with the presence of PEM (Figure 2.8A). The 
most widely applied PEM in MFCs is the Perfluorosulfonic acid membrane (Nafion), 
which costs US$ 48 for 10cm x 10cm of Nafion NR-212 (Ion Power Inc., 2011). In 
another design, the single-chamber MFC, both the anode and the cathode with PEM 
attached at the cathode are placed in the same compartment and are thus maintained in 
the same solutions and environments (Figure 2.8B). The advantages of this single-
chamber MFC design are reducing setup costs and internal resistance with simple 
design; however, the disadvantage is decreasing Coulombic efficiency (CE) due to the 
diffusion of oxygen to the anode area (Liu et al., 2005).  
 
Figure 2.8 MFC configurations: (A) double-chamber design; (B) single-chamber design with PEM; (C) 
membrane-less design; (D) pump-less and chamber-less design (A:Anode; C:Cathode; M:Membrane) 
(Rinaldi et al., 2008). 
In other studies of single-chamber MFCs with the presence of PEM, some researchers 
have shown that oxygen can be provided by atmosphere, which led to the development 
of a single-chamber air-cathode MFC (Liu and Logan, 2004). Air cathode, exposing 
one side of the cathode to air, has significantly improved power generation, compared 
to dissolving air in the cathode area. From then onwards, some research studies have 
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proposed a new MFC design with an absence of PEM (Figure 2.8C). Such MFCs 
provide a greater promise due to their high power density, simple configuration and 
low cost (Fan et al., 2007). Interestingly, there are three major challenges for a 
membrane-free MFC. Firstly, its CE is lower than that of MFC containing a membrane 
due to the consumption of substrate at the anode by oxygen diffusion from the cathode 
and the contamination by bacterial growth at the cathode. Secondly, the distance 
between the anode and the cathode is limited to a certain range (about 1 - 2 cm). This 
is due to the effect of oxygen from the cathode on the growth of the anaerobic bacteria 
at the anode and also the high risk of short circuit. Lastly, air-cathodes are prone to 
flooding due to water from oxygen reduction at the cathode and crossover of water 
from the anode (Liu et al., 2005; Rinaldi et al., 2008). 
 
To reduce the oxygen diffusion from atmosphere to the reactor, Fan et al. (2007) 
applied J-cloth between the anode and the cathode for membrane-less MFCs. The CE 
of 71% achieved by using two layers of J-cloth was about 100% higher than that 
without J-cloth, and also higher than the 40 - 55% of air cathode MFCs containing 
PEM. In addition, these MFCs with J-cloth greatly reduced the internal resistance, 
resulting in the maximum power density (Pmax) of 1010 W/m
3
 in continuous-flow 
mode.  
 
To reduce the bacterial growth on the cathode, Biffinger et al. (2007) suggested a 
pump-less and chamber-less design with nanoporous polymer membranes such as 
nylon, cellulose and polycarbonate (Figure 2.8D). These membranes may inhibit 
cathode fouling with Pmax at 10 W/m
3 
compared to Nafion.  
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By reducing the electrode spaces, Min and Logan (2004) developed flat-plate MFCs 
with Nafion sandwiched in between the anode and the cathode. Operated as plug flow 
reactor with domestic wastewater, the Pmax was achieved at 63 mW/m
2
 with internal 
resistance at 326. Following which, Kim et al. (2009) reduced the electrode space 
with the presence of cation exchange membrane (CEM). The CEM was hot pressed to 
the Pt-carbon cloth in order to reduce the internal resistance.  
 
In view of reducing water crossover to the cathode, Cheng et al. (2006b) demonstrated 
the coating of polytetrafluoroethylene (PTFE) layers on the air-side of the carbon cloth 
cathode. Four layers of PTFE were found to be the optimum number of coatings, 
resulting in 171% increase in the CE, 42% increase in the Pmax, and measurable water 
loss was prevented. In another recent study, Zhang et al. (2010) developed an 
inexpensive coating of polydimethylsiloxane (PDMS) as a coating layer, which 
achieved the CE over 80% and also prevented water leakage. In early 2011, Liu et al. 
used a novel double-side cloth (DC) as a cathode without any diffusion layers. The DC 
was made by hydrophobic polyester fibre cloth on both sides with hydrophobic 
polyurethane sponge backing. The Pmax, CE and COD removal efficiency of MFCs with 
DC air-cathode were similar to those obtained from carbon cloth. 
 
It is clear that the performance of MFCs, other than reactor design, is affected by 
several factors, which include the microbial inocula (Rinaldi et al., 2008), substrate 
(Min and Logan, 2004), PEM (Liu et al., 2005), internal and external resistance 
(Aelterman et al., 2008), electrode material (Wei et al., 2011a), and electrode spacing 
(Rinaldi et al., 2008). Some of these issues will be mentioned in detail in later sections. 
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2.6.2 Substrate 
MFCs have been operated using a variety of substrates including glucose, acetate, 
butyrate (Liu et al., 2005), formate (Ha et al., 2008), lactate (Ringeisen et al., 2006), 
peptone, bovine serum albumin (Heilman and Logan, 2006), monosaccaride (Catal et 
al., 2008) and complex substrates such as domestic wastewater (Cheng et al., 2006), 
animal waste (Min and Logan, 2004), anaerobic sewage sludge (Kim et al., 2005) and 
ocean sediment (Tender et al., 2002). Selection of substrates is important as it is a 
determining biological limiting factor, which inevitably affects the amount of 
electricity recovered. Interestingly, CE seems to depend on substrate type. In the single-
chamber MFCs, acetate appears to be the best substrate with CE ranging 65 - 84% (Liu 
et al., 2005; Min and Logan, 2004; Rabaey et al., 2005; Torres et al., 2007). The CE 
dropped to 14 - 20% for glucose (Liu and Logan, 2004; Min and Logan, 2004), to 8 -
15% for butyrate (Liu et al., 2005) and to 8% for wastewater (Min et al., 2005).  
  
2.6.3 Anode 
As an important part of MFCs, anode materials can improve the performance of MFCs 
in terms of bacterial attachment, electron transfer, anode resistance and substrate 
oxidation (Qiao et al., 2007; Zhou et al., 2011). Generally, the requirements of anode 
materials are high conductivity, high specific surface area, high porosity, strong 
biocompatibility, chemical stability, easy fabrication, appropriate mechanical strength 
and cost-effectiveness (Zhou et al., 2011). The non-carbon- and carbon- anode 
materials will be reviewed in the next sections. 
2.6.3.1 Non-carbon Anode Materials 
Up till now, only a few studies on non-carbon anode materials for MFCs have been 
reported (Crittenden et al., 2006; Dumas et al., 2008; Heijne et al., 2008; Richter et al., 
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2008). In 2008, Dumas and co-workers used stainless steel as an anode with Geobacter 
sulfurreducens for sediment MFCs. Unfortunately, the results indicated the low Pmax at 
4 mW/m2. This was due to the fact that the smooth surface of stainless steel could not 
facilitate bacterial attachment. Richter et al. (2008) proved the possibility of gold 
anode with Geobacter sulfurreducens. These MFCs provided a current at 0.4 - 0.7 mA 
that was nearly to the control graphite MFCs. Unfortunately, no further data on the 
OCV, Pmax and internal resistance was presented. An earlier work by Crittenden et al. 
(2006), they discovered the gold anode coated with a self-assembled monolayer with 
Shewanella putrefaciens. Current generation correlated to monolayer molecular chain 
length and head-group with certain head groups enhancing electronic coupling to the 
bacteria. However, because of the gold price, the practical application is limited only 
for the small scale MFCs. Heijne et al. (2008) compared titanium with graphite in 
terms of anode performance. However, no current was observed from the titanium 
anode. 
 
2.6.3.2 Carbon Anode Materials 
Generally, the most versatile anode material is carbon, which includes graphite plate, 
graphite rod, graphite granule, glassy carbon, reticulated vitreous carbon (RVC), and 
fibrous materials in the form of felt, cloth, paper, fiber and foam. Table 2.2 lists 
various carbon anode materials with their characterization. Among these carbon 
materials, carbon cloth and carbon paper are commonly used in MFC anodes due to 
their stability in microbial cultures, high conductivity and specific surface area (Du et 
al., 2005; Logan et al., 2006). However, both materials provide limited specific surface 
area (Qiao et al., 2007). Therefore, modification of the carbon materials and 
development of the new types of materials are common approaches for improving the 
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anode performance. The reviews on surface modifications for the anode will be 
discussed in the next sections. 
 
Table 2.2 Comparison of the characterization of some carbon anode materials in MFCs  
(Adapted from Wei et al., 2011a; Zhou et al., 2011). 
 
Anode material Advantage Disadvantage Reference
Graphite rod High conductivity 
Chemical stability 
Inexpensive
Low surface area         
Low porosity
Liu et al., 2005
Graphite fiber brush High specific surface area 
High conductivity
Clogging                  
Diffusion of substrate 
into the brush interior 
hindered bacterial access 
to the fiber surfaces.
Ahn and Logan, 2010 
Logan et al., 2007
RVC High conductivity         
High plasticity              
High porosity
Brittle He et al., 2005




) Ishii et al., 2008 
Zhang et al., 2010
Carbon paper                                                Easy to connect wiring Brittle Kim et al., 2007
Relatively stiff
Carbon felt Large aperture High resistance               
Low specific surface area
Kim et al., 2002
Carbon granule High specific surface area Low porosity            
Clogging
Rabaey et al., 2009
 
2.6.3.3 Surface Treatment and Coating for the Anode Materials 
Surface characteristic of anode material is one of the important factors affecting 
bacterial attachment and electron transfer. To increase the anode performance, two 
different modification methods have been studied. 
 
a) Surface Treatment  
Cheng and Logan (2007) explored a highly conductive electrolyte and an ammonium 
gas treatment to treat carbon cloth. The power output increased by 48% compared with 
plain carbon cloth while the acclimation time of such MFC was reduced by 50%. This 
improvement was due to the increase of the surface charge of the anode from 0.38 to 
3.99 meq/m
2
, and this increased positive surface charge favoured the formation of 
biofilm. However, this method required specific equipment. According to Wang et al. 
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(2009b), a more economical method which involved heating carbon mesh in a muffle 
furnace was proposed, resulting in a 3% increase in the Pmax. This could be due to the 
heating which could increase the active surface area. In 2010, Feng et al. proposed the 
treatment of carbon brush using sulfuric acid with heat, resulting in a 25% increase in 
the Pmax due to the increasing in specific surface area and positive charge on anode. 
Interestingly, another research group proposed the electrochemical oxidation at 
constant current density of 30 mA/cm
2
 to functionalize carboxyl groups on the graphite 
felt anode (Tang et al., 2011a). Such approach produced 40% higher current than 
untreated anode due to the fact that the carboxyl groups on the graphite felt could 
provide strong hydrogen bond with peptide in bacterial cytochromes, resulting in better 
electron transfer.  
 
b) Surface Coating 
Recently, mediators, metals and their composites have been reported as surface coating 
materials (Fan et al., 2011; Scott et al., 2007). A variety of mediators including NR, 
HNQ and anthraquinone-1,6-disulfonic acid, have been immobilized on the anode. The 
results from graphite immobilized with mediators showed the significantly increase in 
Pmax due to the improvement of electron transfer (Lowy and Tender, 2008; Wang et al., 
2011b). However, the immobilized mediators could be degraded during long-term 
MFC operation. 
 
Metal and metal oxide-coated anodes including Au, Pd and Fe3O4 nanoparticles, have 
also been reported (Fan et al., 2011; Kim et al, 2005). Fan et al. (2011) proposed the 
coated graphite anodes with Au nanoparticles, resulting in current density 20 times 
higher than the plain graphite. While the coated graphite with Pd nanoparticles 
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provided current density only 1.5 - 2.5 times higher than the control graphite. In 
another study with iron composites, Kim et al. (2005) reported the coated ferric oxide 
on the anodes to enrich iron-reduction bacteria. The results showed higher Pmax and CE 
than the plain anode. In summary, most of the anode modification methods above 
required specific equipment, high temperature, multiple steps and long treatment time. 
Therefore, simple and more effective modification methods are still in a great demand. 
  
2.6.4 Cathode 
Most of the materials that have been mentioned in section 2.6.3 for the anode have also 
been used as the materials for the cathode. At present, carbon cloth and carbon paper 
are widely used as a cathode material. Oxygen is commonly used as an electron 
acceptor due to its high oxidation potential, availability, sustainability, and without 
toxic end-product produced (Watanabe, 2008). Due to the fact that the slow rate of 
oxygen reduction leads to high reduction overpotential, it is among the most limiting 
factors in the performance of MFCs. Therefore, catalysts are normally required to 
decrease the activation energy barrier and improve the kinetics of oxygen reduction at 
the electrode surface (Rismani-Yazdi et al., 2008). Generally, the requirements of a 
catalyst in MFCs are high catalytic activity towards the oxidation at temperature range 
10 - 40
o
C and pH range 5 - 7, chemical and electrochemical stability, good 
biocompatibility, and cost-effective (Rosembaum et al., 2007). To date, the catalysts 
for MFCs have been categorised into two main groups as follows: 
2.6.4.1 Metal-based Catalysts 
Platinum (Pt) is the most popular metal catalysts for oxygen reduction reaction (ORR) 
in MFCs due to its excellent catalytic ability. However, its usage is limited because of 
its excessive cost and possibility of poisoning by various components in the substrate 
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solution. Additionally, when pH increases, this may reduce the catalytic activity of Pt 
(He and Angenent, 2006). In terms of environmental impacts, the production of Pt is 
highly energy-consuming (150 - 250 kg of ore can be produced only 1 g of Pt) 
(Amatayakul and Ramnas, 2001). Hence, many researchers have studied either using 
alternative catalysts or decreasing Pt loading in order to reduce catalyst costs (Birry et 
al., 2011; Morris et al., 2007; Yu et al., 2007). According to Cheng et al. (2006b), they 
found that the catalyst potential did not noticeably change when the Pt loading on the 
cathode range 0.1 - 2 mg/cm
2
. On the other hand, some researchers have reported to be 
controversial. They concluded that reducing the Pt loading at cathode would reduce the 
MFC performance (Gasteiger, 2006; Jafri et al., 2009). Therefore, it is of great interest 
to further study the effect of Pt loading on MFC performance.  
 
Table 2.3 Non-Pt catalysts in cathode for MFCs (Adapted from Zhou et al., 2011). 






FePc Graphite foils 1.07 14* W/m
3
Zhao et al., 2005
CoTMPP 1.10 14*W/m
3
CoTMPP Carbon cloth Not reported 369 Cheng et al., 2006b
PbO2 Ti sheeting Not reported 78 Morris et al., 2007




FePc Carbon paper Not reported 580 Birry et al., 2011
CoNPc Carbon paper 0.63 65 Kim et al., 2011
MnO2 Carbon cloth 0.56 4* W/m
3
Zhang et al., 2009
MnOx Carbon cloth 0.71 161 Roche et al., 2010
Co-OMS-2 Carbon cloth 0.22 180 Li et al., 2010
Cu-OMS-2 0.21 165
Au Copper Not reported 3 Kargi and Eker, 2007  
 
Table 2.3 presents some research studies using non-Pt catalysts in the cathode for 
MFCs. The cobalt tetramethoxyphenylporphyrin (CoTMPP) and iron phthalocyanine 
(FePc) are commonly used as alternative catalysts. CoTMPP cathode showed similar 
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performance as Pt cathode and also slightly better than FePc (Cheng et al., 2006b; 
Zhao et al., 2005). But, the long-term instability of such transition metal macrocycles 
and Pc makes these catalysts impractical for MFCs (Zhang et al., 2009). In another 
alternative catalyst study, Morris et al. (2007) compared the catalytic performance of 
lead oxide (PbO2) to Pt in double-chamber MFCs. This group reported that PbO2 
cathode provided 2 - 4 times improvement in the power output and 50% reduction in 
cost per unit of the power than that obtained from Pt. However, the toxicity of PbO2 
leaching from the cathode limits the use of this catalyst. Such limitations could be 
solved by improving coating techniques and binding materials that would enhance 
stability of the catalysts (Morris et al., 2007). Still, there was a group that demonstrated 
three types of MnO2 materials, namely α-MnO2, β-MnO2 and γ-MnO2, as an 
alternative catalyst (Zhang et al., 2009). Among these MnO2 catalysts, the β-MnO2 
provided the highest Pmax; however, the performance was still lower than that obtained 
from Pt.  
 
Gold (Au) has also been reported as a catalyst in MFCs because of its high catalytic 
activity for both oxidation and reduction reaction (Haruta and Date, 2001). 
Additionally, Au-based catalyst offers an economic advantage over Pt-based catalyst, 
as evident from Figure 2.9. Kargi and Eker (2007) also reported electricity generation 
in two-compartment MFCs with Au-coated copper as a cathode. Unfortunately, the 
researchers did not compare the performance of such cathode to that of commonly 
used cathode (e.g. commercial Pt-carbon cloth) in MFCs.  
 
Chapter 2                                                                                                                                       Literature Review 
Development of carbon nanotube-modified electrodes for microbial fuel cell application                     34 
 
Figure 2.9 Market price comparison between Au and Pt in 2010.                                                                  
(Adapted from Kitco metal Inc., 2010) 
 
2.6.4.2 Biocatalysts 
Interestingly, some microorganisms can be served as catalysts for biocathode. Such 
microorganisms can utilize the cathode as the sole source of electron donors. These 
biocatalysts retrieve electrons directly from the cathode or the mediator and then such 
electrons are transferred to a final electron acceptor (such as oxygen) or alternative 
oxidants (such as nitrate, sulfate, iron, and manganese) (Clauwaert et al., 2007; 
Schaetzle et al., 2008). Several studies have been investigated the capability of 
biocathodes for MFCs (Heijne et al., 2006; Rhoads et al., 2005). For example, Rhoads 
et al. (2005) used a manganese-oxidizing bacterium, Leptothrix discophora, as a 
biocatalyst. The cathode reaction involved the reduction of electrode-deposited MnO2 
to Mn
2+
 by electrons at the cathode surface.  The re-oxidation of Mn
2+ 
to MnO2 was 
then mediated by these bacteria. Biocathode has advantages over abiotic cathodes for 
some future MFC applications for several reasons. Firstly, the costs of fabrication and 
operation of MFCs may be reduced. Secondly, the biocathode may improve MFC 
sustainability. Finally, the microbial metabolism in biocathode may be utilized to 
produce useful products or remove unwanted compounds (He and Angenent, 2006; 
Watanabe, 2008). 
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2.7 Carbon Nanotubes (CNTs) 
Carbon nanotubes (CNTs) consist of layers of graphene sheets rolled-up into the form 
of cylinders that are often closed at both ends, with a few nanometers diameter and 
with several microns length (Figure 2.10). The rolls are formed such that their walls 
are hexagonal carbon rings and are often in large bundles. The ends of CNTs are 
domed structures of six-membered rings, capped by a five-membered ring. 
 
Figure 2.10 Schematics of the roll-up of a graphene sheet to form  
a single-walled carbon nanotube structure (Adapted from Odom et al., 2000). 
 
The synthesis of CNTs can be accomplished in a wide variety of methods that involve 
the catalytic decomposition of a carbon containing gas or solid. In general, some of the 
most common techniques are chemical vapour deposition (CVD), arc discharge and 
laser ablation (laser vaporization) (Dai, 2002; Trojanowicz, 2006).  
 
Generally, CNTs can be divided into two categories: (Dai, 2002)      
a) Single-walled CNTs (SWCNTs) consist of a single cylindrical graphene layer 
in the wall of tube, with diameters from 0.4 to 2 nm and recently lengths up to 1.5 cm 
have been reported (Figure 2.11). 
b) Multi-walled CNTs (MWCNTs) consist of several graphene layers telescoped 
about one another with spaced approximately of 0.34 nm apart, the diameters range 
from 10 to 200 nm, and lengths up to hundreds of microns (Figure 2.11). 
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Figure 2.11 Molecular structure of SWCNTs and MWCNTs                                                                     
(Institute for Molecular and Cellular Biology, April 2011). 
 
To date, CNTs are receiving considerable interest because of their unique physical and 
chemical properties, which include high specific surface area, high porosity, high  
conductivity, high tensile strength, unique structure, chemical stability, thermal 
stability, corrosion resistance, biocompatibility and possibility to create anchoring sites 
with catalytic nanoparticles (Tang and Chen, 2004; Timur et al., 2007). These 
properties make them extremely attractive for electrode materials and catalyst 
supports. Therefore, many research studies have recently been used CNTs as electrode 
materials in direct methanol fuel cell (DMFC), proton exchange membrane fuel cell 
(PEMFC) and MFC (Kannan et al., 2009; Tsai et al., 2009; Zou et al., 2008). The 
preparation methods and the applications of CNTs as electrodes and catalyst supports 
will be reviewed in later sections.  
 
2.7.1 Dispersion Solvents for CNTs 
Generally, pristine CNTs have high molecular weight and strong hydrophobic 
properties, which keep them aggregated together in bundles. Such a bundling effect 
leads to a poor dispersion in most liquids. In addition, the pristine CNTs are inert and 
hardly support metal particles on the surfaces of CNTs. One approach is to modify the 
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CNT surfaces using various methods including oxidative treatment, sonochemical 
treatment, silane-assisted treatment, ionic liquid treatment and electrochemical 
modification (Saha and Kundu, 2010). Among these methods, the surface oxidation is 
most widely used with various oxidants such as HNO3, H2SO4, HCl, K2Cr2O7 and 
H2O2 at room temperature or under refluxing. After this treatment, the aromatic 
conjugate ring along the sidewalls of the CNTs can be functionalized with -C=O, -OH 
and -COOH and then allows CNTs to disperse in liquid media and to introduce 
anchoring sites for metal nanoparticles. In addition, many groups have investigated the 
dispersion of CNTs using ultrasonication with different solvents and non-ionic 
surfactants such as dimethyl formamide (DMF), ethanol, methanol, octyl phenol 
ethoxylate (Triton X-100), polyoxyethylene (20) sorbitanmonolaurate (Tween 20), 
sodium dodecylbenzenesulfonate (SDBS), sodium dodecyl sulphate (SDS) and water, 
as listed in Table 2.4. In addition, the prepared CNT suspensions remain stable for 
many months with no aggregation at all precipitated time due to the negatively charged 
surface of CNTs (Du et al., 2005). However, only a few investigations have currently 
compared the dispersion stability of CNTs in different parameters such as types of 
solvent and surfactant, and concentration of surfactant (Moore et al., 2003; Rastogi et 
al., 2008; Rivas and Rubianes, 2007). As such, it is of great interest to investigate the 
impacts of types and ratio of surfactant, amounts of CNTs and dispersion time on the 
stability and uniformity of CNTs dispersion in order to obtain highly uniform 
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Table 2.4 Dispersion of CNTs in various conditions. 
Amount of CNTs (mg) Type of solvent and surfactant Sonication time (h) Reference
300 2% (w/w) SDBS Not reported Moore et al., 2003
100 0.01 nM SDS 2 Zou et al., 2008
60 1% (w/w) Triton X-100 Not reported McPhail et al., 2009
15-50 1% (w/w) Triton X-100 2 Rastogi et al., 2008
25 DMF Not reported Du et al., 2005
10 150 mg SDS and 100 ml DI 
water
2 Rabbani et al., 2009
1 1% (w/w) SDS Not reported Chang et al., 2006
0.2-0.5 1% (w/w) SDS 1 Hecht et al., 2005
Not reported DI water 0.5 Wang et al., 2008
Not reported Ethanol Not reported Tsai et al., 2009
 
 
2.7.2    CNT-based Electrodes in MFCs 
For an actual MFC system, only a few attempts have reported on CNT-based 
electrodes, as listed in Table 2.5 for anode applications and Table 2.6 for cathode 
applications. 
2.7.2.1 CNT-based Anodes in MFCs 
It has been reported from some literature that CNTs have a cellular toxicity that may 
lead to proliferation inhibition and cell death (Flahaut et al., 2006; Magrez et al., 
2006). Subsequently, some researchers have modified CNT-based anodes with 
biocompatible polymers in order to reduce the cellular toxicity (Qiao et al., 2007; Zou 
et al., 2008). Qiao et al. (2007) and Zou et al. (2008) prepared CNT/conductive 
polymer nanocomposites coated on Nickle (Ni) foam and carbon paper to be used as 
the anodes. It concluded that the additional CNTs to the conductive polymers, namely 
polyaniline (PANI) and polypyrrole (PPy) enhanced the power output, which was 
significantly higher than that achieved from polymer alone. However, low conductivity 
and poor electron transfer of polymers limit their application in MFCs. In a more 
recent study, Higgins et al. (2011) prepared carbon felt impregnated with chitosan 
(CHIT)/MWCNT scaffolds, resulting in OCV of 0.600 V and the Pmax of 4.75 W/m
3
, 
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which compared to that plain carbon felt (3.5 W/m
3
). However, the preparation method 
of CHIT/CNT nanocomposite was complicated and time-consuming. 
 
Without any conductive polymers, Sharma et al. (2008) proposed a novel electron 
mediator and Sn-Pt/MWCNT-COOH-coated carbon paper. These CNT-based anodes 
were prepared by coating carbon paper with a mixture solution of MWCNT-COOH 
suspension and Nafion solution. The significant results were that such CNT-based 
anode MFC provided six times higher Pmax than the control graphite anode. However, 
some researchers have reported the limitation of Nafion that could cause an increase in 
resistivity and decrease in catalytic activity (Chen et al., 2002; Nagle and Rohan, 
2008).  
 
By comparing the performance of MFCs between MWCNT-coated carbon cloth and 
plain carbon cloth, Tsai et al. (2009) concluded that the additional CNTs to carbon 
cloth anodes greatly enhanced the Pmax, CE and COD removal efficiency. 
Unfortunately, the thin films of CNTs on carbon cloth may not be stable in the long- 
term operation and at high flow rate. In another attempt, Sun et al. (2010a) explored a 
novel layer-by-layer (LBL) self-assembled CNT-based anode. This anode was 
prepared by assembling positively charged polyethyleneimine (PEI) and negatively 
charged MWCNT-COOH on carbon paper, resulting in the Pmax 20% higher than that 
obtained from plain carbon paper. However, the OCV was negatively affected. 
 
More importantly, one research group from Standford University developed three-
dimensional CNT-textile anode using dipping and drying method (Xie et al., 2011). 
Polyester fabric was dipped into a mixture solution of SWCNT suspension and SDBS 
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solution, followed by drying at 120
o
C. This CNT-textile anode reactor showed the Pmax 
68% higher than that obtained from the carbon cloth. However, more studies on 
catalytic activity of CNT-textile anode are still needed.  
 
Liang et al. (2011) investigated the effect of added MWCNT-COOH powders in anode 
chamber on MFC performance. Results showed that CNTs reduced both the startup 
time for biofilm formation and the internal resistance during 40 days of operation. 
However, no significant increase of the biomass in anodic biofilm was detected from 
the studies on different dosages of CNTs. Therefore, more in-depth studies on 
quantification of the electrochemical activity of the biomass per unit mass are 
necessary. Table 2.5 summarizes the studies on CNT-based anodes in MFC 
applications. 
 
Table 2.5 Examples of CNT-based anodes in MFCs (Adapted from Zhou et al., 2011). 






Carbon paper with Sn-Pt 
/MWCNT-COOH
Not reported 0.94 1994 Sharma et al., 2008
Carbon cloth with MWCNTs Dipping and drying 0.51 65 Tsai et al., 2009
Carbon paper with MWCNT-
COOH
Dipping 0.32 290 Sun et al., 2010a
Chemical polymerization
Dipping
Polyester fabric with SWCNTs Dipping and drying Not reported 1098 Xie et al., 2011
Carbon paper with PPy/MWCNTs 0.18 228 Zou et al., 2008
Carbon felt with CHIT/MWCNTs 0.60 5
*
 W/m






Ni foam with PANI/CNTs 0.45 42 Qiao et al., 2007
 
 
2.7.2.2 CNT-based Cathodes in MFCs 
Generally, catalyst support should consider from conductivity, specific surface area, 
morphology and corrosion resistance properties (Tang and Chen, 2004; Timur et al., 
2007). Recently, many nanostructure carbon materials with graphitic structure have 
been also used for catalyst support application (Yoo et al., 2008). Carbon black such as 
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Vulcan XC-72 is widely used as a catalyst support in fuel cell applications due to its 
high conductivity, high specific surface area, high availability and low cost (Paulus et  
al., 2002; Ralph and Hogarth, 2002). Recently, CNTs are of great interest as a catalyst 
support and as a cathode material in fuel cell applications due to their outstanding 
electrical, physical and chemical properties (Kannan et al., 2009; Shen et al., 2008). 
However, recently only a few investigations have reported on CNT-based cathodes for 
MFCs (Deng et al., 2010; Sharma et al., 2008; Zhang et al., 2011). Table 2.6 
summarizes the studies on CNT-based cathodes with/without catalyst in MFC 
applications.  
 
Table 2.6 Examples of CNT-based cathodes in MFCs. 
Carbon paper with Pt/MWCNTs Not reported 0.91 1342 Sharma et al., 2008
Carbon paper with Ru-Pt/MWCNTs 0.86 1421
Carbon paper with Sn-Pt/MWCNTs 0.88 1430
Carbon cloth with Pt/MWCNTs Dipping and drying 0.51 65 Tsai et al., 2009
Carbon cloth with MWCNTs Not reported 63
Carbon cloth with CoTMPP-FePc/ 
MWCNT-COOH
Paste painting Not reported 751 Deng et al., 2010
SWCNTs 117 Wang et al., 2011a
Pt/SWCNTs 522
Pt/MWCNTs 174





Carbon cloth with β-MnO2/CNTs 0.47 98 Lu et al., 2011
Carbon cloth with α-MnO2/CNTs 0.42 22
Carbon cloth with γ-MnO2/CNTs 0.47 83
Carbon paper with CNTs 0.40 8 Zhang et al., 2011








Not reported Not reported
Spraying
Not reported
Cathode material Preparation method
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Some researchers have compared the performance of CNTs to carbon black to be used 
as catalyst supports in fuel cell applications (Li et al., 2006; Matsumoto et al., 2004; 
Xin, 2006). In 2006, Xin showed that MWCNTs provided 30% more corrosion 
resistance than Vulcan XC-72, resulting in the durability of the PEMFC. In another 
study, Matsumoto et al. (2004) reported that Pt/CNTs showed the PEMFC 
performance better than that obtained from commercial Pt/carbon black with reducing 
60% Pt loading per cathode area.  
 
Sharma et al. (2008) deposited Pt and Pt alloy catalysts on MWCNTs and then coated 
them on carbon paper. Sn-Pt/MWCNT cathode reactor provided the highest Pmax at 
2470 mW/m
2
 compared to Ru-Pt/MWCNT and Pt/MWCNT reactors. However, 
Nafion used as a binder in this study may isolate MWCNTs from the catalyst layers in 
the MWCNT suspension leading to reduce the catalyst active surface (Zhu et al., 
2009). In addition, Nafion could cause an increase in resistivity and a decrease in 
catalytic activity (Chen et al., 2002; Nagle and Rohan, 2008). 
 
In 2008, Tsai and co-workers prepared MWCNT-coated carbon cloth using dipping 
and drying method. Subsequently, Pt catalysts were coated directly onto MWCNT-
coated carbon cloth cathode. Unfortunately, no significant difference in the Pmax and 
COD removal efficiency between MWCNT-coated carbon cloth reactors with and 
without Pt catalysts was reported. This may be due to weak interaction between Pt and 
MWCNT-coated carbon cloth, which could cause the detachment of Pt catalysts from 
the MWCNTs. 
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In a recent study, Wang et al. (2011a) proposed a new method to fabricate SWCNT- 
and MWCNT-modified cathodes with/without Pt catalyst. These cathodes were 
prepared by filtration the CNT suspension through a PTFE membrane. Pt catalysts 
were coated on the surface of CNTs by using microwave method at 250W and 140
o
C 
for 90s. According to their results, MFCs could be ranked as follows in terms of the 
Pmax and OCV: Pt/SWCNT > Pt/MWCNT > SWCNT cathode. In addition, Pt/SWCNT 
cathode reactor showed internal resistance 3 times lower than that obtained from 
Pt/MWCNT. Even the performance of SWCNT cathode reactors showed great MFC 
response compared to those from carbon cloth, SWCNT performance gradually 
declined due to the chemical deposition and microbial adherence on the cathode 
surfaces, which reduced charge transfer and catalytic activity. 
 
Interestingly, it is known that TMPP and Pc with Fe or Co are good ORR catalysts and 
examined as alternatives to Pt (Cheng et al., 2006b; Yu et al., 2007; Zhao et al., 2005). 
Deng et al. (2010) were the first group who deposited CoTMPP and FePc on 
MWCNT-COOH for MFC cathodes. Such prepared catalysts showed higher catalytic 
activity than that of CoTMPP-FePc/graphite. Results from this cathode showed the 
Pmax 1.5 times higher than that obtained from commercial Pt-carbon cloth. However, 
the performance of CoTMPP-FePc/MWCNT-COOH on carbon cloth could be 
improved with air spraying instead of paste painting. Additionally, the deposition 
method of CoTMPP-FePc on MWCNT-COOH was complicated and time consuming. 
On a further extension of the study, Yuan et al. (2011) used FePc as a catalyst on 
MWCNT-NH2 and MWCNT-COOH supports. MFCs could be ranked as follows in 
terms of Pmax: FePc/MWCNT-NH2 > FePc/MWCNT-COOH > FePc/MWCNT.  
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For another alternative catalyst study, both Lu et al. (2011) and Zhang et al. (2011) 
prepared MnO2/CNT-coated carbon support to be used as the cathode. Lu et al. (2011) 
compared the MFC performance of three types of MnO2: α-MnO2, β-MnO2, γ-
MnO2/CNT spray-coated carbon cloth. Based on their results, β-MnO2/CNT cathode 
reactors provided the highest Pmax, OCV and COD removal efficiency among other 
MnO2/CNT reactors. Unfortunately, these β-MnO2/CNT reactors provided Pmax 1.56 
times less than those obtained from commercial-Pt carbon cloth. With similar catalyst, 
Zhang et al. (2011) also confirmed that CNTs are an ideal catalyst support material for 
MnO2 in which MnO2/CNT are a good alternative to Pt/carbon black in MFC 
applications. As such, there is a need for further improvement on development of 
highly-efficient, cost-effective and simple preparation method for CNT-modified 
electrodes. 
 
2.7.2.3 Biocompatibility of CNTs 
Little research has been studied on biocompatibility of CNTs with microbes (Gutierrez 
et al. 2007; Morozan et al. 2007). For MFC applications, study of biocompatibility of 
CNTs for CNT-modified electrodes need to be throughly investigated. This is because 
the toxicity of CNTs can provide an adverse impact on biofilm formation and 
subsequently affect MFC performance. The following paragraphs will review the 
biocompatibility studies on CNTs. 
 
Kang et al. (2007) investigated the interaction of highly purified pristine SWCNTs 
with Escherichia coli K12 (E. coli K12), which exhibited strong antimicrobial activity 
and indicated severe cell membrane damage. Undergo research has shown the impacts 
of pristine SWCNT concentration on the toxic effects of E. coli. At low or moderate 
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concentrations of SWCNTs range 5 - 300 mg/L, the toxicity was temporary and cell 
growths were still observed. At high concentration of SWCNTs > 300 mg/l, an 
inhibitory effect to bacterial growth and biofilm formation was observed (Rodrigues et 
al., 2010). In another study on MWCNTs, Kang et al. (2008b) compared the toxicity 
on E. coli with MWCNTs before and after purification and functionalization. They 
noted that MWCNTs exhibited moderate antimicrobial activity. Physicochemical 
modifications of MWCNTs had a relatively modest effect on toxicity on bacteria. In 
addition, functionalized and short MWCNTs provided high potential damage of cell 
membrane. Furthermore, Fe contents in MWCNTs did not correlate to bacterial cell 
membrane damage. A subsequent study by the same group, Kang et al. (2008a) 
compared the antibacterial activity of highly purified SWCNTs and MWCNTs with E. 
coli K12. Comparisons showed that SWCNTs exhibited antibacterial activity much 
stronger than MWCNTs due to the diameter of CNTs, which played an important role 
in the inactivation of bacterial cells. However, the exact mechanisms for bacterial 
inactivation in the presence of CNTs are still not fully understood. 
 
Despite the evidence of CNT toxicity, there have also been a number of studies into 
CNT-based biomaterials, which support the biocompatibility of CNTs (Deng et al., 
2008; Dumitru et al., 2008; Gutierrez et al., 2007; Upadhyayula et al., 2009). 
Interestingly, Upadhyayula et al. (2009) reported the large microbial immobilization 
capacities of SWCNTs in their batch adsorption studies. The capacities of SWCNTs 
for Bacillus subtilis were about 27 - 37 times higher than the activated carbon capacity. 
In a similar study conducted from the same group, Deng et al. (2008) showed that E. 
coli and Staphylococcus aureus (S. aureus) had exceptionally large adsorption 
affinities towards CNTs. In another study, Dumitru et al. (2008) reported biofilm 
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growths on the functionalized MWCNT-based anodes in an actual MFC using 
wastewater. Additionally, their SEM images demonstrated uniform biofilm growths on 
MWCNT-based anodes. Unfortunately, the experimental setup and the MFC 
characterization were not provided completely. In another study for MFCs, Gutierrez 
et al. (2007) proposed long range microchannel structured MWCNT scaffolds that 
provided a high reactive surface for E. coli immobilization and proliferation. 
Subsequently, the efficient proliferation of bacteria throughout an electron conducting 
scaffold may form the basis for fabrication of these MWCNT scaffolds as the anode in 
MFCs. Following which, Morozan et al. (2007) also studied on the biocompatibility 
microorganisms-CNTs for applications in MFCs. This study was focused on the 
biocompatibility of S. aureus with MWCNTs into a MFC anode design. The results 
indicated that MWCNTs were noncytotoxic in tested concentrations although the 
concentration of MWCNTs had an effect on the morphology and evolution of bacterial 
colonies. In addition, MWCNT-coated carbon foam was served as an anode in MFCs, 
resulting in good MFC performance. Thus, the biocompatibility of CNTs for MFC 
applications needs to be further investigated. 
 
2.7.3 Preparation Methods of CNT-based Electrodes in Fuel Cell 
Applications 
In the last ten years, many research studies have been reported the preparation methods 
of CNT-modified anodes and cathodes for PEMFC and DMFC. Most of them have 
used simple and cost-effective air spraying method to deposit CNT suspensions on 
carbon supports (Chen et al., 2005; Kannan et al., 2009; Soehn et al., 2008; Tang et al., 
2007; Zou et al., 2008). In addition, this method can be applied for scaled up 
electrodes and can be used on almost any surface compatible with water. Both carbon 
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cloth and carbon paper have commonly been used as carbon supports because they are 
inexpensive and chemically stable supports (Gao et al., 2010; Gharibi et al. 2011; Jafri 
et al., 2009; Li et al., 2006). For MFC applications, some researchers have reported the 
preparation of CNT-based electrodes by spraying method (Lu et al., 2011; Zou et al., 
2008). For example, Zou et al. (2008) prepared PPy/MWCNT-modified anodes using 
spraying method and coating on carbon paper. Other methods to prepare CNT-based 
electrodes in other fuel cells will be proposed in the next paragraphs. In early 2005, 
Hecht and co-workers compared electrical properties of SWCNT-coated carbon cloth 
using spraying and incubation. The simple incubation technique where carbon cloth 
was soaked in SWCNT suspensions under gentle stirring provided a higher 
conductivity than that obtained from the spraying method and also provided mostly 
uniform distribution of SWCNTs on carbon cloth, while the spraying method provided 
the non-uniform distribution of SWCNTs along each fibre of carbon cloth.  
 
With another preparation method, Gharibi et al. (2011) prepared Pt/MWCNT-coated 
carbon paper for PEMFC. The mixture solutions of MWCNTs, H2PtCl6, Nafion and 2-
propanol were heated at 80
o
C for 6 h, followed by rolling onto carbon paper. In 
another recent study with filtration method, Gao et al. (2010) prepared CNT-coated 
carbon paper cathode for DMFC. The homogeneous mixtures of CNTs, 
polyacrylonitrile-based carbon fibre (PCF) and PTFE solution were vacuum-filtered 
through carbon paper and then sintered at 340
o
C for 30 min. Unfortunately, Zhu et al. 
(2010a) reported the problems in conventional ink process for preparation CNT-
modified electrodes using spraying and incubation. It was mentioned that the binder in 
CNT suspensions tended to isolate CNTs in electrocatalyst layers, and led to poor 
electron transport and eliminate the metal active surface. Some investigations have 
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also reported that the binder could cause an increase in resistivity and decrease in 
electrochemical performance of electrodes (Chen et al., 2002; Kannan et al., 2009; 
Nagle and Rohan, 2009). In addition, Nafion is costly (US$ 500/l) and exhibited high 
resistance at low temperature (Saito et al., 2010).  
 
Without any binding agents, directly growing CNTs on carbon supports using 
chemical vapour deposition (CVD) have been conducted for PEMFC (Kannan et al., 
2009; Soehn et al., 2008; Tang et al., 2011b; Waje et al., 2005; Wang et al., 2004a). 
Soehn et al. (2008) grew SWCNTs on carbon cloth in the CVD process using Ni as a 
catalyst at 700
o
C with C2H2:H2 for 25 min. However, no FESEM images at high 
magnification to indicate the morphology and structure of SWCNTs on carbon cloth 
after CVD process were presented. In 2009, Kannan and co-workers also grew CNTs 
on carbon paper by CVD at 800
o
C with xylene/ferrocene mixture for 30 min for 
PEMFC. Such CNT electrodes showed significant improvement in mechanical 
robustness and PEMFC performance. Even though, this group mentioned the excellent 
surface morphology of CNT electrodes, the big clusters of CNTs could be seen at high 
magnification of FESEM images. It was noted that growing CNTs on carbon supports 
using CVD required specific equipment with innovative catalyst at high temperature. 
The uniform distribution of CNTs on carbon supports is also a significant challenge. 
 
Buckypaper, free-standing thin film formed with dispersed porous networks of CNTs, 
was first proposed in 1998 by Rinzler and co-workers. This buckypaper was typically 
fabricated by filtration where CNT suspensions were vacuum-filtered through a 
membrane filter, resulting in a random CNT rope networks on the membrane. Most 
importantly, no binder was needed to form the thin film buckypaper, which made this 
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technique attractive to fuel cells. In PEMFC, Zhu et al. (2010a) reported a novel 
method to fabricate buckypaper from a mixture solution of SWCNTs and carbon 
nanofibers (CNFs) using a nylon membrane. Also, Pt nanoparticles were deposited 
onto buckypaper by pulse electrochemical deposition technique, resulting in high Pt 
catalyst utilization. The same observation was observed from the same group for 
fabrication of SWCNT/CNF buckypaper (Zhu et al., 2009; Zhu et al., 2010b). 
Comparisons of CNT-modified electrodes from different preparation methods for fuel 
cell applications should be further looked into. 
 
2.7.4 Decoration of Metal Nanocrystals on CNTs for Fuel Cell 
Applications 
To date, many research studies have been conducted on the decoration of metal 
nanocatalysts on various supports for fuel cell applications (Chen et al, 2005; Jafri et al, 
2009; Wang et al, 2009a; Xing, 2004). For decoration of metal nanocatalysts on CNTs, 
the CNT surface treatment to create functional groups is an important step for a 
homogenous metal deposition and thus for better catalytic performance (Li and Hsing, 
2006). The metal nanocatalysts can be deposited on the CNT ends, interior and/or 
exterior surfaces. The main challenge of this issue is to decorate small and uniform 
metal catalysts on the CNT supports in order to get better catalytic activity. In addition, 
minimizing the amount of catalysts that still provided good catalytic activity is also 
another big challenge. Decoration of Pt and Au nanocatalysts on CNTs will be 
discussed in the next few paragraphs. 
 
 
2.7.4.1 Decoration of Pt Nanocrystals 
Chapter 2                                                                                                                                       Literature Review 
Development of carbon nanotube-modified electrodes for microbial fuel cell application                     50 
For the decoration of Pt nanocatalysts on CNTs, several methods such as 
impregnation, sonochemical technique, microwave heated polyol process, 
electrodeposition and sputter deposition have been explored (Table 2.7).  
 







Impregnation Pt/MWCNTs 4.5 1-9 Yoshihashi et al., 2002
Sonochemical 
technique
Pt/MWCNTs 3.6 Not reported Xing, 2004
Microwave Pt/CNTs 3.8 3-7 Liu et al., 2005
Electrodeposition Pt/SWCNTs 4 4-6 Guo and Li., 2004
Sputter deposition Pt/MWCNTs 2 Not reported Chen et al., 2005
 
 
The decoration methods of Pt nanocrystals on a variety of supports are as follows: 
a) Impregnation Method (Chemical Reduction Method) 
Impregnation is the most common method to disperse Pt nanocrystals on the carbon 
supports such as carbon black and CNTs for PEMFC (Hsieh et al., 2009; Li et al., 
2003; Rajalakshmi et al., 2005, Yoshihashi et al., 2002). Functionalized CNTs were 
suspended in a reducing agent, namely ethylene glycol (EG) by ultrasonication.  Then, 
H2PtCl6 or K2PtCl4 solution was slowly added under agitation to deposit Pt ions on the 
functional groups of CNTs. However, highly dispersed high loading Pt on CNTs has 
not been reported from this decoration method (Xing, 2004). 
 
b) Sonochemical Technique 
In order to obtain more surface functional groups, the sonication using ultrasonic bath 
can improve the acid oxidation of the CNT surfaces. This method could functionalize 
most of CNTs by preventing them from forming aggregates (Xing, 2004; Yang et al., 
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2006). After which, the Pt deposition process was almost the same as the conventional 
impregnation method, as described in 2.7.4.1 a). 
 
c) Microwave-assisted Heating Polyol Process 
Heating a mixture of CNT suspension and H2PtCl6 solution by microwave with EG 
accelerated the reduction of the metal precursor ions and the nucleation of the metal 
particles. In addition, the homogenous microwave heating reduced the temperature and 
concentration gradients in the reacting sample solution, resulting in a more uniform 
environment for the nucleation and growth of metal particles (Chen et al., 2005; 
Chiang and Ciou, 2011; Liu et al., 2004b).  
 
d) Electrodeposition 
The decoration of Pt nanocatalysts on CNTs using the electrodeposition method was 
reported in literature using cyclic voltammeter (Guo and Li, 2004; Guo and Li, 2005; 
He et al., 2004; Wang et al., 2004a; Wu and Xu, 2007). Guo et al. (2004) proposed the 
simple electrodeposition method to prepare SWNT/Pt for methanol oxidation with Pt 
nanoparticles of 4-6 nm. However, this method required specific equipment. 
 
e) Sputter Deposition 
Sputter deposition is a physical vapour deposition vacuum process used to deposit film 
on a matrix, through creating a virtually unbreakable bond between the film and its 
matrix at an atomic level (Alvisi et al., 2005; Chen et al., 2005; Gruber et al., 2005; 
Tang et al., 2011b). In Chen’s study (2005), the MWNTs were fabricated directly on 
the carbon cloth utilizing bias-assisted microwave plasma enhanced CVD (MWCVD) 
and followed by sputtering Pt nanoparticles on MWNT surfaces. Based on their 
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results, this method provided small and uniform Pt nanoparticles, a thin catalyst layer 
and low Pt loading.  
 
2.7.4.2 Decoration of Au Nanocrystals 
Au has also been mentioned as a catalyst in MFCs because of its high catalytic 
activity; therefore, Au would probably be an appropriate alternative catalyst for CNT-
modified cathode in MFCs. Table 2.8 illustrates research of Au-decorated on CNTs for 
fuel cell applications. 
 
Table 2.8 Background research on Au-decorated CNTs for fuel cells. 
Particle size
(nm)
Au-MnO2/MWCNTs 5-6 45 Jafri et al., 2009
Au-ZnO/MWCNTs 5-6 56
Au/MWCNTs 5 Not reported Rabbani et al., 2009
Au/MWCNTs 5 Not reported Shi et al., 2009
Pt-Au/CNTs 3.4 Not reported Wang et al., 2009a








The decoration methods of Au Nanocrystals on a variety of supports are as follows: 
(Haruta, 1997) 
a) Co-precipitation (CP) 
A mixture of HAuCl4 and metal nitrate was added into Na2CO3 solution to obtain a 
hydroxide precipitate. After which, the precursor was calcined at temperature above 
250
o
C (Haruta et al., 1989). 
 
b) Deposition-precipitation (DP) 
HAuCl4 solution was adjusted to a fixed point at the pH range of 6 - 10, followed by 
adding the catalyst supports to obtain Au(OH)3 on the surfaces of supports. The 
Chapter 2                                                                                                                                       Literature Review 
Development of carbon nanotube-modified electrodes for microbial fuel cell application                     53 
precursor was treated in a similar process as in CP method. Several key parameters 
have to be controlled including gold concentration, reaction temperature and time, and 
also pH. Generally, DP method has advantages over CP in that it yields a smaller 
particle size distribution and Au particles localized only on the surface of the support 
(Okumura et al., 1998, Phonthammachai et al., 2008; Rabbani et al., 2009).  
 
c) Sputtering 
In an atmosphere containing oxygen, Au was simultaneously sputter-deposited on 
supports to form a thin film, which creating a virtually unbreakable bond between the 
film and its support at an atomic level (Sun et al., 2010b). 
 
d) Chemical Vapour Deposition (CVD) 
The vapour of an organic gold compound was introduced onto evacuated support. The 
adsorbed organic gold compound was pyrolyzed in air to decompose it into small Au 
particles (Okumra et al., 1997). 
 
It was only recently that researchers have discovered a method to decorate Au on 
CNTs was easy and effective (Phonthammachai et al., 2008; Wang et al., 2009a). 
However, it seems that Au-decorated CNTs has yet to be applied for MFC applications. 
Hence, the prospect of Au-decorated CNTs in MFCs might be a great breakthrough in 
research since Au-decorated CNTs had already performed excellently in other fuel 
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2.8    Prospects of MFCs 
Although MFCs have the great potential to treat wastewater and generate electricity at 
the same time, the power generated is still low. The application of MFCs on industrial 
scale is therefore not feasible at present. Generally, wastewater treatment plants use 
conventional anaerobic digestion technology, whereby energy is recovered from the 
methane gas produced during the process. Table 2.9 presents the advantages and 
disadvantages of anaerobic digestion and MFC.  
 
 
Table 2.9 Comparisons between conventional anaerobic digestion and MFC                                           
(Adapted from Pham et al., 2006). 
 
Technology Advantage     Disadvantage
•  Reduce volumes of sludge produced,    •  Biogas is difficult to store.
reduce disposal cost.    •  Biogas has to be converted into electricity
•  Harvest energy from biogas.     by combustion. The efficiency for the combustion
    of biogas is around 30-40 %.
   • Obtained biogas usually contains H2S.
•   Bioconversion usually occurs at mesophilic and 
thermophilic condition.
•   Perform at high strength substrate.
•  Directly generate electricity. •   Catalytic activity of air cathode is limited.
•  Bioconversion of organic matter can 
occur at low temperature (10-20
o
C).







From Table 2.9, it can be observed that both anaerobic digestion and MFC have their 
own capabilities and limitations. As such, both technologies can be utilized as 
complementary technologies. They broaden the spectrum of bio-conversion 
technology, where conventional anaerobic digestion can be applied to high strength 
substrates at temperature above 30
o
C while the MFC could focus on treatment of low 
strength substrates at low temperature (Pham et al., 2006). If so, wastewater treatment 
plants may be designed to handle a wider variety of wastewaters from different sources 
and consequently recover more electricity. Figure 2.12 shows one of the proposed 
models for integration of anaerobic digestion and MFC for achieving optimal 
sustainability. When wastewater treatment process and MFC integration in wastewater 
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treatment plant is well-developed, recovered electricity could be enough to be 
extended for residential and industrial purposes. 
 
 
Figure 2.12 Flow diagrams of MFCs combined wastewater treatment process: (a) MFC submerged into 
an anaerobic tank of existing advanced wastewater treatment process; (b) MFC submerged into an 
aerobic tank of existing activated sludge process (Adapted from Cha et al., 2010). 
 
2.9 Summary  
1) Although there are many publications of CNT-modified electrodes in fuel cell 
applications, only a few studies have been reported for MFC applications. Most of the 
studies used spraying and dipping-drying methods to coat CNT suspensions with the 
aid of Nafion on carbon supports. However, Nafion has been shown to increase 
electrode resistivity. Therefore, the anode preparation process without Nafion is 
needed. In addition, no investigations compared the efficiency of CNT-modified 
anodes and cathodes from various preparation methods in MFCs. Therefore, it will be 
interesting to conduct experiments to address this issue in order to find simple, cost-
effective and efficient preparation methods. 
2) As can be seen from this review, SWCNT- and MWCNT-modified electrodes 
have already been used in MFC applications with satisfactory results in terms of power 
generation and organic removal efficiency. However, it remains unclear whether 
SWCNTs or MWCNTs could be appropriate materials for anodes and cathodes in 
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MFCs. Additionally, no research has been focused on the impact of the functional 
groups on CNT surfaces. Therefore, further investigations are needed. 
3) Biocompatibility studies of SWCNTs and MWCNTs on microbes have been 
shown to be controversial. Reports have shown inhibitory effect of CNTs on bacterial 
growth and biofilm formation, while others have demonstrated the immobilization and 
proliferation of bacteria. In addition, no further information on biocompatibility of 
CNTs with metal catalysts and CNTs with functional groups has been mentioned. A 
further study may elucidate more information on the bacteria formation on the 
electrodes in MFC system. 
4) Due to the high cost and poor stability of Pt, the alternative catalyst should be 
investigated. Alternatively, Au seems to be a good alternative to Pt due to its low 
reduction overpotential. In addition, no further usage of CNTs with Au nanocatalysts 
has been reported. Therefore, it is of great interest to investigate and develop Au 
catalyst for cathode in MFCs in order to reduce catalyst cost and improve catalytic 
activity. Various decoration methods of Pt and Au nanocatalysts have been reported 
for a variety of supports. However, little research has been investigated for CNT 
supports. Unfortunately, some methods require specific and expensive equipment with 
complex and time-consuming procedure. Alternatively, DP is a simple, cost-effective, 
time-saving and efficient decoration method for Au on SiO2 supports. As such, 
decoration of Pt and Au catalysts on CNT supports by DP method should be further 
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MATERIALS AND METHODS 
 
3.1 Fabrication of Electrodes 
3.1.1 Fabrication of Anodes 
Various types of anode materials from various preparation methods were studied in 
order to improve microbial attachment, electron transfer, substrate diffusion and 
substrate oxidation at the anode. These anode materials include carbon cloth, single-
walled carbon nanotube with carboxyl groups (SWCNT-COOH), multi-walled carbon 
nanotube with carboxyl groups (MWCNT-COOH) and multi-walled carbon nanotube 
with hydroxyl groups (MWCNT-OH). Different preparation methods include filtration, 
spraying, incubation and sputtering.   
3.1.1.1 Carbon Cloth 
Carbon cloth (type B, non wet proofed, BASF Fuel Cell Inc., USA) was used as a 
control anode. 
 
3.1.1.2 SWCNT-COOH  
SWCNT-COOH (P3, Carbon solutions Inc., USA) was coated on membrane using 
filtration method. For this purpose, 60 mg of SWCNT-COOH (diameter 5 nm, length 
0.5 - 1.5 µm, purity > 90%) were dispersed in different dispersion solvent/surfactant 
by ultrasonication at 300W (Elmasonic S60, Elma GmbH & Co. KG, Germany) for 
varying time periods. The homogenized SWCNT-COOH suspension was vacuum-
filtered through a Poreflon membrane filter (0.1 μm pore-sized, Sumitomo electric fine 
polymer Inc., USA), followed by drying at room temperature overnight. Plate 3.1 
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represents the process for preparation of SWCNT-COOH filtered on Poreflon 
membrane. The parameters to optimize include types of dispersion solvent/surfactant 
(DI water, ethanol, sodium dodecyl sulfate (SDS) and Triton X-100), concentrations of 
surfactant (0.5, 0.75 and 1.0% (v/v)) and dispersion time (30, 60 and 90 min), as 
shown in Table 3.1. SWCNT-COOH filtered on membrane with high mechanical 
property and conductivity was expected.  
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S-COOH-8 1% (v/v) SDS 60
S-COOH-9 90
S-COOH-10 30
S-COOH-11 0.75% (v/v) SDS 60
S-COOH-12 90
S-COOH-13 30
S-COOH-14 0.5% (v/v) SDS 60
S-COOH-15 90
S-COOH-16 30
S-COOH-17 1% (v/v)Triton X-100 60
S-COOH-18 90
S-COOH-19 30
S-COOH-20 0.75% (v/v) Triton X-100 60
S-COOH-21 90
S-COOH-22 30





MWCNT-COOH (diameter 20 nm, length 10 - 30 µm, purity > 95%) was obtained 
from Chengdu organic chemical Co. Ltd, China. MWCNT-COOH-based anode was 
prepared by spraying, incubation, sputtering and filtration on supporting materials, 
namely carbon cloth and membrane.   
a) MWCNT-COOH coated on Carbon Cloth 
60 mg of MWCNT-COOH were dispersed in a mixture solution of Nafion (5% (v/v)), 
Triton X-100 (0.5% (v/v)) and ethanol by ultrasonication at 300W for 60 min. Carbon 
cloth was used as a supporting material for MWCNT-COOH suspension. 
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a-1 Using Spraying Method 
MWCNT-COOH spray-coated on carbon cloth was prepared according to a method 
modified from Tang et al. (2007). Briefly, carbon cloth was gradually air-sprayed with 
the MWCNT-COOH suspension using airbrush kit (Model175-7, Badger air-brush 
Co., USA), followed by drying on a hotplate every 10 min and finally dried in an oven 
at 100
o
C for 1 h to remove residual water and solvent. 
 
a-2 Using Incubation Method 
Carbon cloth was incubated into the MWCNT-COOH suspension for overnight, 
followed by drying in an oven at 100
o
C for 1 h to remove residual water and solvent. 
 
a-3 Using Sputtering Method 
Prior to the MWCNT-COOH growth, a thin layer of growth Fe catalyst was sputtered 
onto a carbon cloth using thermal chemical vapour deposition (CVD) system 
(Discovery-18, Denton, USA) at 100 mTorr and then heated to 750
o
C in a flow of 100 
sccm Ar + 5 vol% H2. After holding for 4 min, C2H4 was introduced for CNT growth 
at 20 sccm for 1 h. 
 
b) MWCNT-COOH coated on Membrane 
60 mg of MWCNT-COOH were dispersed in different dispersion solvent/surfactant by 
ultrasonication at 300W at various periods. The homogenized suspension was vacuum-
filtered through a membrane filter. After which, the CNT film on membrane was dried 
and directly used as an anode. The parameters to optimize include types of dispersion 
solvent/surfactant (DI water, ethanol, SDS and Triton X-100), concentrations of 
surfactant (0.5, 0.75 and 1.0% (v/v)), dispersion time (30, 60 and 90 min), types of 
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membrane filter (Poreflon membrane and polycarbonate membrane (0.4 m pore-
sized, Isopore, Ireland)) and drying processes (at room temperature overnight, at 
250
o
C/30 min and in desiccator/1 h), as shown in Table 3.2. MWCNT-COOH filtered 
on membrane with high mechanical property and conductivity was expected.  
 
Table 3.2 Summary of preparation conditions for MWCNT-COOH filtered on membrane. 
 
Sample Dispersion solvent
Dispersion  time 
(min)
Membrane filter              Drying process
M-COOH-1 30
M-COOH-2 DI Water 60 Poreflon membrane
M-COOH-3 90
M-COOH-4 30
M-COOH-5 Ethanol 60 Poreflon membrane
M-COOH-6 90
M-COOH-7 30
M-COOH-8 1% (v/v) SDS 60 Poreflon membrane
M-COOH-9 90
M-COOH-10 30
M-COOH-11 0.75% (v/v) SDS 60 Poreflon membrane
M-COOH-12 90
M-COOH-13 30
M-COOH-14 0.5% (v/v) SDS 60 Poreflon membrane
M-COOH-15 90
M-COOH-16 30
M-COOH-17 1% (v/v) Triton X-100 60 Poreflon membrane
M-COOH-18 90
M-COOH-19 30
M-COOH-20 0.75% (v/v) Triton X-100 60 Poreflon membrane
M-COOH-21 90
M-COOH-22 30




M-COOH-23* At room 
temperature/overnight
M-COOH-26 0.5% (v/v) Triton X-100 60 Poreflon membrane At 250
o
C/30 min
























MWCNT-OH (diameter 20 nm, length 10 - 30 µm, purity > 95%) was obtained from 
Chengdu organic chemical Co. Ltd, China. MWCNT-OH was coated on Poreflon 
membrane using filtration method. 60 mg of MWCNT-OH were dispersed in different 
dispersion solvent/surfactant by ultrasonication at 300W at various periods, as shown 
in Table 3.3. The homogenized suspension was vacuum-filtered through a Poreflon 
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membrane, followed by drying at room temperature overnight. The parameters to 
optimize include types of dispersion solvent/surfactant (DI water, ethanol, SDS and 
Triton X-100), concentrations of surfactant (0.5, 0.75 and 1.0% (v/v)) and dispersion 
time (30, 60 and 90 min). MWCNT-OH filtered on Poreflon membrane with high 
mechanical property and conductivity was expected.  
 
Table 3.3 Summary of preparation conditions for MWCNT-OH filtered on Poreflon membrane. 
Sample Dispersion solvent Dispersion time (min)
M-OH-1 30






M-OH-8 1% (v/v) SDS 60
M-OH-9 90
M-OH-10 30
M-OH-11 0.75% (v/v) SDS 60
M-OH-12 90
M-OH-13 30
M-OH-14 0.5% (v/v) SDS 60
M-OH-15 90
M-OH-16 30
M-OH-17 1% (v/v) Triton X-100 60
M-OH-18 90
M-OH-19 30
M-OH-20 0.75% (v/v) Triton X-100 60
M-OH-21 90
M-OH-22 30




3.1.2 Fabrication of Cathodes 
Various types of cathode materials were studied in order to improve oxygen reduction 
reaction (ORR) at the cathode. These cathode materials were carbon cloth, carbon 
cloth coated with platinum (Pt-carbon cloth), SWCNT-COOH, MWCNT-COOH, 
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MWCNT-OH, SWCNT-COOH decorated with platinum (Pt/SWCNT-COOH) and 
MWCNT-COOH decorated with gold (Au/MWCNT-COOH), as shown in Table 3.4. 
With CNT-based cathodes, CNTs were coated on a Poreflon membrane using vacuum-
filter system. The decoration of Pt and Au nanocatalysts on the CNTs was conducted 
using deposition-precipitation (DP) method. The procedure will be explained in detail 
in subsection 3.1.2.1 and 3.1.2.2. In addition, wet proof treatment at the air-side of 
cathode was also carried out and the procedure will be explained in detail in subsection 
3.1.2.3.  
 
Table 3.4 Details of various types of cathodes from carbon cloth and CNT materials. 
Sample Material Preparation detail Remark
C-1 Commercial carbon cloth Carbon cloth                                                               -
C-2 Commercial Pt-carbon cloth Carbon cloth coated with Pt catalysts       
(0.5 mg/cm
2
, 30% wet proofed,                  
BASF Fuel Cell Inc., USA)
-
C-3 CNTs filtered on Poreflon membrane 60 mg of CNTs were dispersed in suitable 
dispersion solvent by ultrasonication at 
optimal period. The homogenized CNT 
suspension was vacuum-filtered through a 
Poreflon membrane, followed by drying at 
room temperature overnight.
C-3.1 SWCNT-COOH                          SWCNT-COOH was dispersed in DI 
water for 60 min.
Refer to subsection 
3.1.1.2
C-3.2 MWCNT-COOH                               MWCNT-COOH was dispersed in 0.5% 
(v/v) Triton X-100 for 60 min.
Refer to subsection 
3.1.1.3
C-3.3 MWCNT-OH                               MWCNT-OH was dispersed in 1.0%         
(v/v) SDS for 60 min.
Refer to subsection 
3.1.1.4
C-3.4 Pt/SWCNT-COOH                              
 (Pt 0.5 mg/cm
2
)
Pt/SWCNT-COOH from Pt solution at 
concentration of 1.5 mM was dispersed in 
DI water for 60 min.
Refer to subsection 
3.1.2.1
C-3.5 Pt/SWCNT-COOH                              
 (Pt 1 mg/cm
2
)
Pt/SWCNT-COOH from Pt solution at   
concentration of 3 mM was dispersed in 
DI water for 60 min.
Refer to subsection 
3.1.2.1)




Au/MWCNT-COOH from Au solution at 
concentration of 1.6 mM was dispersed in 
0.5% (v/v) Triton X-100 for 60 min.
Refer to subsection 
3.1.2.2




Au/MWCNT-COOH from Au solution at 
concentration of 3.2 mM was dispersed in 
0.5% (v/v) Triton X-100 for 60 min.
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3.1.2.1 Decoration of Pt Nanocrystals on SWCNT-COOH  
The decoration of Pt on SWCNT-COOH at loading 0.5 and 1 mg/cm
2
 was conducted 
using DP method. The influential parameters for DP method including pH, refluxing 
temperature, refluxing time and amount of Pt catalyst to the size and dispersion of Pt 
nanocrystals on SWCNT-COOH surfaces were optimized. 60 mg of SWCNT-COOH 
were ultrasonically dispersed at 300W in 40 ml of DI water for 60 min. The suspension 
was mixed with 25 ml of H2PtCl6.6H2O solution (206083, Sigma Aldrich), followed 
by the addition of 0.1 M NaOH for pH adjustment. The solution was then stirred 
vigorously under variations of reflux conditions (Table 3.5). Pt/SWCNT-COOH was 
separated from the solution by centrifugation at 15000 rpm for 10 min and multiple 
washes with DI water. Plate 3.2 shows the process for decoration of Pt nanocrystals on 
SWCNT-COOH. 
 
Table 3.5 Summary of reflux conditions for the decoration of Pt nanocrystals on SWCNT-COOH. 
 
Sample pH
          Refluxing                 
       temperature (
o
C)
          Refluxing                   
               time (min)









Pt/CNT-4* 8 80 60 1.5
Pt/CNT-8 95
Pt/CNT-9 30
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Plate 3.2 Process for decoration of Pt nanocrystals on SWCNT-COOH. 
 
3.1.2.2 Decoration of Au Nanocrystals on MWCNT-COOH 
The decoration of Au on MWCNT-COOH at loading 0.5 and 1 mg/cm
2
 was conducted 
using DP method. The influential parameters for DP method including pH, refluxing 
temperature, refluxing time and amount of Au catalyst to the size and dispersion of Au 
nanocrystals on MWCNT-COOH surfaces were optimized. 60 mg of MWCNT-COOH 
were ultrasonically dispersed at 300W in 40 ml of 0.5% (v/v) Triton X-100 for 60 min. 
The suspension was mixed with 25 ml of HAuCl4.3H2O solution (0240, Bioexpress), 
followed by the addition of 0.1 M NaOH for pH adjustment. The solution was then 
stirred vigorously under variations of reflux conditions (Table 3.6). Au/MWCNT-
COOH was separated from the solution by centrifugation at 15000 rpm for 10 min and 
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Table 3.6 Summary of reflux conditions for the decoration of Au nanocrystals on MWCNT-COOH. 
   Refluxing













Au/CNT-3* 6 60 30 1.6
Au/CNT-10                        60
Au/CNT-3* 1.6
Au/CNT-11 3.2
Concentration of Au 




           Refluxing             
     time (min)
 
 
3.1.2.3 Wet Proof Treatment 
Two methods for wet proof treatment at the air-side of cathodes were conducted in 
order to prevent flooding of water from ORR at the cathode and of water crossover 
from the anode.  
a) Using Polytetrafluroethylene Layers 
Polytetrafluoroethylene solution (PTFE, Gashub, Singapore) was applied on the air-
side of the cathode following the method of Cheng et al. (2006a). A mixture of carbon 
black (Vulcan XC-72, Gashub, Singapore) and 30% (w/w) PTFE solution was applied 
to the air-side of the cathode, followed by air-drying at room temperature for 2 h. Such 
cathode was then heated at 370
o
C for 30 min. Additional PTFE layers were applied 
with 60% (w/w) PTFE solution, followed again by air-drying at room temperature for 
30 min and heating at 370
o
C for 10 min. This method was applied for commercial Pt-
carbon cloth cathode (Chapter 4 and 5).  
 
b) Using Proton Exchange Membrane (PEM) 
Nafion 212 (Dupont, USA) was served as a PEM and as wet proof membrane. The 
Nafion was embedded at the air-side of cathode using hot press unit at 140
o
C for 90s. 
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This method was applied for commercial carbon cloth, commercial Pt-carbon cloth and 
CNT-based cathode (Chapter 6).  
 
3.2 Preparation of MFCs  
3.2.1 MFC design 
Single-chamber air-cathode MFC reactors, modified according to Min and Logan 
(2004), were fabricated with different types of anodes and cathodes. Two different 
designs of these MFC reactors, with and without PEM, were constructed.  
3.2.1.1 Single-chamber Air-cathode Reactor without PEM  
Membrane-less single-chamber air-cathode reactors, each having a total volume of 
40.5 cm
3
, were constructed with a 2-cm deep serpentine path separating the anode 
from the cathode. The apparent anode and cathode surface areas were the same (20.25 
cm
2
). Carbon cloth was utilized as a connector to stick out from the reactor, where 
conductive clips were attached to measure the electromotive force. The reactors were 
placed in vertical position with inlet at the bottom and outlet at the top. Figure 3.1 
shows the arrangement of the electrodes inside reactor, while Plate 3.3 shows the 
actual assembled reactor. The catalyst-coated side of the cathode was placed facing 
wastewater with the opposite-side exposed directly to the air.  
 
Figure 3.1 An arrangement of electrodes inside membrane-less single-chamber air-cathode reactor. 
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Plate 3.3 A photo of the actual assembled membrane-less single-chamber air-cathode reactor. 
 
3.2.1.2 Single-chamber Air-cathode Reactor with PEM 
Single-chamber air-cathode with PEM reactors were constructed with a 1-cm deep 
path separating the anode from the cathode and having a total volume of 15 cm
3
. The 
apparent anode and cathode surface areas were the same (15 cm
2
). Nafion 212 was 
served as a PEM and was enclosed with cathode at the catalyst-side. Carbon cloth was 
utilized as a connector to stick out from the reactor. The reactors were also placed in 
vertical position with inlet at the bottom and outlet at the top. Figure 3.2 shows the 
arrangement of the electrodes inside reactor, while Plate 3.4 shows the actual 
assembled reactor. 
 
Figure 3.2 An arrangement of electrodes inside single-chamber air-cathode reactor with PEM. 
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Plate 3.4 A photo of the actual assembled single-chamber air-cathode reactor with PEM. 
 
3.2.2 Operational Conditions 
All reactors were operated with continuous mode at room temperature (30 ± 2
o
C) using 
either domestic or synthetic acetate wastewater. The voltage (V) across an external 
resistance of the circuit was monitored using a multimeter and a computerized data 
acquisition system (GL800, Graphtec, Taiwan). Figures 3.3 and 3.4 show the 
schematic diagram of a single-chamber air-cathode MFC setup for domestic and 
synthetic acetate wastewater, respectively. Plates 3.5 and 3.6 show the actual MFC 
arrangement for domestic and synthetic acetate wastewater, respectively. 
 
Figure 3.3 A schematic diagram of single-chamber air-cathode MFC setup with                                     
domestic wastewater substrate. 
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Plate 3.5 A photo of single-chamber air-cathode MFC system with domestic wastewater substrate. 
 
 
Figure 3.4 A schematic diagram of single-chamber air-cathode MFC setup with                                           
synthetic acetate wastewater substrate. 
 
Plate 3.6 A photo of single-chamber air-cathode MFC system with                                                            
synthetic acetate wastewater substrate. 
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3.2.2.1 Domestic Wastewater 
Domestic wastewater collected from the effluent of the primary clarifiers of the Ulu 
Pandan Water Reclamation Plant, Singapore, with a chemical oxygen demand (COD) 
ranging from 160 to 280 mg/l and a pH ranging around 7.4 to 7.8 was used for 
inoculation. Before feeding the domestic wastewater to the feed tank, it was filtered 
with a 0.45-µm pore-sized membrane to remove any solids and then was sparged with 
nitrogen gas for 15 min to remove dissolved oxygen. Fresh domestic wastewater was 
loaded every three days. The enrichment was considered completed when the 
maximum power output was stable. The influence of hydraulic retention time (HRT) 
was studied by varying flow rate of the pump (ISM936, Ismatec, Cole-Parmer 
Instrument Company, USA). 
 
3.2.2.2 Synthetic Acetate Wastewater 
After enrichment was completed, synthetic acetate wastewater (Balch et al., 1979; 
Lovley et al., 1984; Oh et a1., 2004) was continuously fed into the MFCs. The 
chemical composition of the synthetic acetate wastewater is listed in Table 3.7. The 
influences of acetate concentration and external resistance were investigated.  
 
Table 3.7 Chemical composition of synthetic acetate wastewater. 
 
Trace Trace Trace vitamin
minerals vitamins concentration (mg/l)
NaHCO3 3.13 ALK(SO4)2 0.01 Vitamin B1 5
NH4Cl 0.31 CaCl2.2H2O 0.1 Vitamin B2 5
NaH2PO4.H2O 0.75 CoCl2 0.1 Vitamin B3 5
NaH2PO4 4.22 CuSO4.5H2O 0.01 Vitamin B6 10
Na2HPO4 2.75 FeSO4.7H2O 0.1 Vitamin B7 2
KCl 0.13 H3BO3 0.01 Vitamin B9 2
MgSO4.7H2O 3
Vitamin B12 0.1
Na2MoO4 0.5 DL-Calcium 
pantothenate 5
Na2MoO4.2H2O 0.005
p - aminobenzoic 
acid 5






concentration             
(g/l)
Trace mineral 
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3.2.3 Reactors Setup 
Three batches of MFC with various types of anodes and cathodes from different 
preparation methods were carried out in duplicate, as listed in Tables 3.8, 3.9 and 3.10. 
Different CNT-based anodes from different preparation methods and from different 
types of CNT nature were investigated in Batch 1 and 2, respectively, while different 
CNT-based cathodes from different types of CNT nature and catalyst were 
investigated in Batch 3. 
 









MWCNT-COOH filter-coated on Poreflon membrane
MWCNT-COOH spray-coated on carbon cloth
MWCNT-COOH incubate-coated on carbon cloth
MWCNT-COOH sputter-coated on carbon cloth
Anode                                                           










Carbon cloth                         
Commercial Pt-carbon  cloth              SWCNT-COOH filter-coated on Poreflon  membrane
MWCNT-COOH filter-coated on Poreflon membrane
MWCNT-OH filter-coated on Poreflon membrane
Anode











Cathode                                                           Anode
MWCNT-OH filter-coated on Poreflon membrane
Commercial Pt-carbon cloth     










SWCNT-COOH filter-coated on Poreflon membrane
MWCNT-COOH filter-coated on Poreflon membrane








Chapter 3                                                                                                                             Materials and Methods 
Development of carbon nanotube-modified electrodes for microbial fuel cell application  73 
3.3 Analytical Methods  
3.3.1 Electrode Characterization 
3.3.1.1 Morphology and Structure 
The morphology and structure of the CNT materials were characterized using 
transmission electron microscope (TEM, JEM-2010F, JEOL, Japan) operating at 200 
kV. The samples were prepared by placing a drop of the CNT suspension onto a 
carbon coated copper grid and then dried at room temperature. In addition, the 
morphology and structure images of the electrodes were also observed using field 
emission scanning electron microscope (FESEM, JSM-6700F, JEOL, Japan) and 
scanning electron microscope (SEM, JSM-5600LV, JEOL, Japan). The samples were 
mounted onto a stub and coated with Pt by a sputter (JFC-1300, JEOL, Japan).  
 
3.3.1.2 Surface Roughness  
The surface roughness of the electrode samples was assessed using atomic force 
microscope (AFM, Dimension TM 3100, Veeco, USA). All experiments were 
conducted in triplicate. 
 
3.3.1.3 Electrical Conductivity  
The room temperature electrical conductivity of electrodes was measured according to 
a standard van der Pauw dc four probe method (Van Der Pauw, 1958) based on four-
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3.3.1.4 Mechanical Property 
The tensile strength was determined using tensile testing machine (5500 Microtester, 
Instron, USA). The samples were subjected to tensile force ramping rate of 0.5 
mm/min and load drops by 40% at room temperature until fracture. All experiments 
were conducted in triplicate. 
 
3.3.1.5 Specific Surface Area, Pore Diameter and Pore Volume 
The specific surface area, pore volume and pore diameter of the anode materials were 
analyzed using a surface area analyzer (NOVA 4200e, Quantachrome Instruments, 
USA). 0.05 - 0.20 g of samples were evacuated at 150
o
C for at least 12 h prior to N2 
adsorption/desorption measurement. The specific surface area and pore volume were 
calculated using the Brunauer-Emmett-Teller (BET) method (Brunauer et al., 1938). 
The total pore volume was determined from the desorption branch of the N2 adsorption 
isotherm at the relative pressure of P/Po = 0.95. Based on the relative pressure (P/Po) 
range of 0.025 - 0.30, in which the pore size distribution was determined by the 
Barrett-Joyner-Halenda (BJH) method (Barrett et al., 1951). All experiments were 
conducted in triplicate. 
 
3.3.1.6 Contact Angle 
The contact angle of the cathode samples was measured using a contact angle analyzer 
(VCA-3000S, Advanced Surface Technology Inc., USA). 1 m3 of ultrapure water 
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3.3.1.7 Biocompatibility 
The inhibition effect of SWCNT-COOH, MWCNT-COOH, MWCNT-OH, 
Pt/SWCNT-COOH and Au/MWCNT-COOH on the growth of model bacteria 
Escherichia coli K12 (E. coli K12, ATTC 29181) was studied in nutrient broth (NB, 
Difco Laboratories, Detriot) solution, in NB agar plates, and on CNTs filter-coated on 
Poreflon membrane. Finally, after MFC operation, bacterial growth on the MFC 
anodes was observed by FESEM.  
 
E. coli stock culture was aerobically cultivated in autoclaved NB solution and then 
incubated under shaking (150 rpm) at 37
o
C for 20 h until the stationary phase was 
reached. All experiments were conducted in triplicate and control plates were prepared 
in the absence of CNTs.   
 
a) Growth of  E. coli in NB solution containing CNTs 
10 ml of the E. coli stock culture was mixed with CNTs at a concentration ranging 
from 50 to 2000 mg/l under shaking (150 rpm) at 37
o
C for 5 h. 100 µl of this E. coli 
mixture was then spread on the NB agar plates. The plates were then incubated at 37
o
C 
for 20 h. The number of colonies was enumerated (Colony forming unit (CFU)/ml) and 
then compared with the control plates. Plate 3.7 shows the NB solution containing 
CNTs.  
 
Plate 3.7 A photo of NB solution containing CNTs. 
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b) Growth of  E. coli on NB agar plates containing CNTs 
100 µl of the E. coli stock culture was directly spread on NB agar plates prepared with 
CNTs at a concentration ranging from 10 to 400 mg/l. The plates were left to incubate 
at 37
o
C for 20 h, followed by enumeration. Plate 3.8 shows the NB agar plates 
containing CNTs.  
 
Plate 3.8 A photo of NB agar plates containing CNTs. 
 
c) Growth of E. coli on CNTs filter-coated on Poreflon membrane 
CNTs filter-coated on Poreflon membrane was applied on the NB agar plates, which 
provided growth nutrients. 100 µl of E. coli stock culture was then spread on the 
membrane surfaces. The plates were then incubated at 37
o
C for 20 h and subsequently 
rinsed membrane with 0.1 M phosphate buffer (pH 7.4) and fixed with 2.5% (v/v) 
glutaraldehyde for 30 min. The samples were then rinsed with DI water, dehydrated 
with ethanol series (25, 50, 75, 95 and twice in 100% for 10 min each) and finally 
dried using a critical point dryer (CPD 030, Bal-tec, USA). The growth and 
morphology of E. coli on membrane were then assessed by FESEM. Plate 3.9 shows 
CNTs filtered-coated on Poreflon membrane in NB agar plate.  
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Plate 3.9 A photo of CNTs filtered-coated on Poreflon membrane in NB agar plate. 
 
3.3.2 Catalyst Characterization  
3.3.2.1 Morphology and Size Distribution of Catalyst 
The morphology and size distribution of the catalysts deposited on CNTs were 
characterized by TEM. The samples were prepared by placing a drop of suspension 
onto a carbon coated copper grid and dried at room temperature. The size distribution 
histograms were contributed from the measurement at least 200 nanocatalysts.  
 
3.3.2.2 Structure and Composition of Catalyst  
The crystalline structures of the synthesized catalysts were measured using an X-ray 
powder diffractometer (XRD, XRD-6000, Shimadzu, Japan), where Cu target K-ray 
(operating at 40 kv and 30 mA) was used as the X-ray source and a continuous 2 scan 
was performed with a scan rate of 0.05
o
/min. The reflections in power-ray diffraction 
were obtained in the 2 range between 10 - 85o. The average size of the catalyst 
nanocrystals was estimated from the strongest XRD peak using Scherrer’s equation 
(Klug and Alexander, 1954): 
 













L                                                (Equation 3.1) 
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L is the mean size of the metal nanocrystals (nm). 
 is the wavelength of the X-ray source ((Cu, K) = 1.5418 A
o
). 
max is the angle at peak maximum (in radians) of a chosen XRD peak.  
(2) is the full-width at half-maximum (FWHM) of a chosen XRD peak. 
 
In addition, energy dispersive X-ray spectrometer equipped TEM (EDX-TEM, JEM-
2010F, JEOL, Japan) and EDX-FESEM (JSM-6700F, JEOL, Japan) were also used to 
confirm the deposition of catalysts on CNTs. 
 
3.3.3 MFC Evaluation  
3.3.3.1 Electrical Performance 
Polarization curves were obtained by connecting the anode and cathode with an 
external resistance and recording the stable voltage obtained from 50,000 to 400 Ω in 
decreasing order with 1-min interval time. The voltage was measured and the current 
was calculated by using the Ohm’s law.  
 
 For a linear polarization curve, the value of the internal resistance (Rint) of the MFC is 






int                                     (Equation 3.2) 
 
The power density of cathode (P, W/m
2
) was calculated as: 
                                                              
A
IV
P                          (Equation 3.3) 
 I is the current (A).  
(I = V/Rext, V is the measured voltage; Rext is the external resistance) 
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V is the voltage (V). 




The Coulombic efficiency (CE) is defined as the ratio of total coulombs actually 
transferred to the anode from the substrate, to the maximum possible coulombs if all 
substrate removal produced current. For continuous flow through the system, the CE on 
the basis of current generated under steady conditions was calculated as: (Lorenzo et 
al., 2010)      





CE                                                         (Equation 3.4) 
M is the molecular weight of the substrate, 32 for oxygen, 59 for acetate. 
I is the current.        
F is the Faraday’s constant (96, 485 C/mol of electron). 
b is the number of electrons exchanged per mol of substrate; 8 mol e
-




q is the volumetric influent flow rate of substrate (l/s). 
ΔD is the difference in the influent and effluent of substrate (g/l).  
 
3.3.3.2 Organic Removal Efficiency 
a) Chemical Oxygen Demand (COD) 
The COD of the feed and effluent was measured following the APHA’s Standard 
Methods (2005). The samples were filtered through glass microfiber filter (0.45 m 
pore-sized, Whatman, UK).  
The percentage of COD removal was calculated as  






                         (Equation 3.5) 
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CODin is the influent COD (mg/l). 
CODout is the effluent COD (mg/l). 
 
b) Suspended Solid (SS)  
SS concentrations of the feed and effluent were measured following the APHA’s 
Standard Methods (2005). Prior to filtering samples, the glass microfiber filter and 
porcelain crucibles were rinsed with DI water and heated in a furnace (CWF 1100, 
Carbolite, UK) at 550
o
C for 20 min prior to analysis. The samples were vacuum-
filtered through the filter and dried in an oven (MEMMERT ULM 6, Schmidt 
Scientific, UK) at 105
o
C for 1 h. After each heating step, the sample was cooled to 
room temperature in desiccator before being weighed. 
 
c) Acetate 
The acetate concentration in both synthetic acetate wastewater and effluent was 
analyzed by the comparison with standard calibration curve of acetic acid using a gas 
chromatograph equipped with a flame ionization detector (GC-FID, GC-2010, 
Shimadzu, Japan). The temperature was kept at 200
o
C, pressure at 56.1 KPa, total flow 
at 35.2 ml/min. The sample was filtered through glass microfiber filter (0.45 m pore-
sized, Whatman, UK) and then acidified with formic acid before analysis.   
 
3.3.3.3 Biofilm Images 
The morphology of bacterial growth on anodes was observed under FESEM. After 
MFC operation, the anode samples were rinsed with 0.1 M phosphate buffer (pH 7.4) 
and fixed with glutaraldehyde. The sample was then rinsed with DI water, dehydrated 
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with a graded ethanol series and then dried using a critical point dryer. Each dried 
sample was then coated with Pt before observation under FESEM.  
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DIFFERENT PREPARATION METHODS OF                      
CNT-BASED ANODES TO IMPROVE MFC 
PERFORMANCE 
 
4.1 Introduction  
As mentioned in Chapter 2, the anode is a crucial parameter for electricity generation 
and organic removal efficiency (Logan et al., 2007; Wei et al., 2011a). The specific 
requirements for an MFC anode include high surface roughness, electrical 
conductivity, specific surface area, porosity and toughness, strong biocompatibility and 
cost-effectiveness (Higgins et al., 2011; Wei et al., 2011a; Zhou et al., 2011). Different 
anode materials impact on microbial attachment, electron transfer, anode resistance 
and anode surface reaction (Wei et al., 2011a; Zhou et al., 2011). As such, improved 
microbial colonization and enhanced electron transfer capability can increase 
electricity generation and organic removal efficiency (Zhou et al., 2011).  
 
Carbon nanotubes (CNTs) are promising candidates as anode materials due to their 
unique structural, electrical, physical and chemical properties (Qiao et al., 2007; 
Sharma et al., 2008). However, only a few studies have been reported for CNT-based 
anodes in actual MFC system (Higgins et al., 2011; Qiao et al., 2007; Sharma et al., 
2008; Sun et al., 2010a; Tsai et al., 2009; Xie et al., 2011; Zou et al., 2008). Typically, 
fabrication methods of CNT-based anodes are challenging and vary from spraying to 
dipping-drying methods to coat CNT suspensions on carbon supports, with the aid of 
Nafion (Higgins et al., 2011; Sun et al., 2010a; Tsai et al., 2009; Xie et al., 2011; Zou 
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et al., 2008). However, Nafion used as a binder has been shown to increase electrode 
resistivity (Chen et al, 2002; Nagle and Rohan, 2008). In addition, the thin CNT films 
on carbon supports often proved unstable in long term usage, especially when a high 
flow rate is applied. As such, the anode preparation process without Nafion is needed. 
Alternatively, some researchers have  reported using the filtration method to fabricate 
CNT thin films called buckypaper for hydrogen fuel cell and PEMFC applications 
(Tang at al., 2007; Wang et al., 2004b, Zhu et al., 2009; Zhu et al., 2010a, Zhu et al., 
2010b). Buckypaper was generally made from the mixture of SWCNT-COOH and 
carbon nanofiber (CNF); however, CNF may increase resistivity of buckypaper (Zhu et 
al., 2009; Zhu et al., 2010b). Clearly, CNTs show promise as the anode of an MFC. 
There is also a need for a systematic study to assess the optimal CNT material to be 
used. A simple, time-saving, cost-effective and efficient preparation method of CNT-
based anodes needs to be further developed.  
 
Generally, pristine CNTs tend to aggregate together in bundles or ropes due to strong 
attractive van der Waal interaction. It is known that good and stable dispersion of 
CNTs might lead to better mechanical and electrical properties (Sreekumar et al., 
2003). One approach to improve CNT dispersion is to functionalize the surfaces of 
CNTs using oxidative treatment with oxidants (Saha and Kundu, 2010). With this 
treatment, the defect sidewalls of CNTs with dissociated functional groups can 
stabilize CNTs via an electrostatic stabilization mechanism (Park et al., 2009a) 
allowing CNTs to disperse in aqueous solution. Another approach is to disperse CNTs 
using ultrasonication in solvent/surfactant with different concentrations (Rastogi et al., 
2008; Tsai et al., 2009; Wang et al., 2008; Zou et al., 2008). The surfactants can 
prevent CNT suspension from becoming aggregated over long periods (Park et al., 
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2009a). The dispersion power of surfactant depends on how strongly surfactant 
adsorbs onto the CNT surfaces and produces by this adsorption energy barriers of 
sufficient height to aggregation (Rastogi et al., 2008). In addition, sufficient sonication 
time was required to mix CNTs with solvent/surfactant and break the CNT aggregates 
due to CNTs bond tightly. As such, in order to obtain high qualities of CNT-based 
anodes, well-dispersed and stable CNT suspension is needed. In addition, the 
influential factors including types of dispersion solvent/surfactant, concentration of 
surfactant and dispersion time should be further optimized together with functionalized 
CNT usage. 
 
4.2 Materials and Methods 
In this study, CNT-based anodes were fabricated using various preparation methods, 
which MWCNT-COOH was used as a model CNT material. New types of MWCNT-
based anodes were fabricated from sputtering and filtration methods without Nafion 
usage. With novel sputtering method, MWCNTs were coated on carbon cloth using 
CVD system with the aid of Fe growth catalyst, at 750
o
C. For conventional spraying 
and incubation methods, MWCNT suspension with Nafion was coated on carbon cloth 
and then used as control anodes. In addition, plain carbon cloth was also used as a 
control.  
 
With filtration method, buckypaper was prepared from MWCNT-COOH without 
additional CNF. For this purpose, MWCNTs with various amounts of CNTs (20, 40, 
60, 80 and 100 mg) were dispersed in 40 ml of different dispersion solvent/surfactant 
by ultrasonication at various periods (30, 60 and 90 min). These different types of 
dispersion solvent/surfactant include DI water, ethanol, SDS and Triton X-100. The 
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homogenized MWCNT suspension was then vacuum-filtered through a polycarbonate 
membrane, followed by drying at room temperature overnight. After drying, a thin 
film layer was expected to peel from the membrane to obtain buckypaper. 
 
Alternatively, the buckypaper preparation method was modified using a membrane as 
a backing layer of MWCNT suspension. The MWCNT suspension was vacuum-
filtered through a membrane. After drying, a thin film layer of MWCNTs was 
expected to tightly adhere on the membrane. For this purpose, MWCNT filter-coated 
on membrane was developed with varying conditions including dispersion time, types 
of membrane, types of dispersion solvent/surfactant, concentrations of surfactant and 
drying processes. Briefly, 60 mg of MWCNTs were dispersed in 40 ml of different 
dispersion solvent/surfactant by ultrasonication at various periods (30, 60 and 90 min).  
Different types of dispersion solvent/surfactant which include DI water, ethanol, SDS 
and Triton X-100 were investigated. In addition, the concentration of surfactant at 0.5, 
0.75 and 1 % (v/v) was also studied. The homogenized MWCNT suspension was 
vacuum-filtered through a various membrane (polycarbonate and Poreflon membrane). 
The membrane was then dried with various drying processes (at room temperature 
overnight, at 250
o
C/30 min and in desiccators/1 h). After drying, a thin film layer of 
MWCNTs was coated on the membrane and can be served as an anode. 
 
The quality of prepared anodes was evaluated by morphology and structure, 
roughness, conductivity and mechanical property using SEM and FESEM, AFM, four-
probe method and tensile testing machine, respectively. Commercial Pt-carbon cloth 
coated with four layers of PTFE was used as cathodes for all MFCs. Membrane-less 
single-chamber air-cathode MFC reactors were constructed with a 2-cm deep path 
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separating the anode from the cathode and having a total volume of 40.5 cm
3
. The 
apparent anode and cathode surface areas were the similar (20.25 cm
2
). The 
performance of MFCs equipped with various types of MWCNT-based anodes for 
domestic wastewater and synthetic acetate wastewater was evaluated by chemical 
analysis, electrical calculation and biofilm images. In terms of electrical performance 
of MFCs, internal resistance, OCV and Pmax were measured. For organic removal 
efficiency, COD, SS, and acetate removal efficiencies, and corresponding CE were 
calculated. All reactors with different types of anodes were carried out in duplicate, as 
shown in Table 4.1 and Plate 4.1.  
 







Anode                                                           
Carbon cloth                         
Cathode
Commercial Pt-carbon cloth
MWCNT-COOH filter-coated on Poreflon membrane
MWCNT-COOH spray-coated on carbon cloth
MWCNT-COOH incubate-coated on carbon cloth
MWCNT-COOH sputter-coated on carbon cloth  
 
 
       
Plate 4.1 A photo of MFC system with different anodes from various preparation methods. 
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In order to facilitate the identification of our various CNT anodes, MWCNT-COOH 
filter-coated on Poreflon membrane, MWCNT-COOH spray-coated on carbon cloth, 
MWCNT-COOH incubate-coated on carbon cloth and MWCNT-COOH sputter-coated 
on carbon cloth will be referred to as MWCNT/filter/membrane, MWCNT/spray/cc, 
MWCNT/incubate/cc and MWCNT/sputter/cc, respectively, in the rest of this chapter.  
 
4.3 Objectives 
The main objectives of this study are as follows: 
1) To investigate and optimize parameters for preparation of MWCNT-based 
anodes based on the best fabrication method developed.  
2) To evaluate MWCNT-based anodes prepared from different fabrication 
methods based on morphology, roughness, conductivity and mechanical 
property.  
3) To investigate the influences of fabrication methods for MWCNT-based 
anodes based on MFC performance in terms of power generation, organic 
removal efficiency and bacterial attachment. 
 
4.4     Results and Discussions 
4.4.1 Cathode  
4.4.1.1 Cathode Preparation 
Commercial Pt-carbon cloth coated with four layers of PTFE was used as air-cathodes 
for all MFCs. The PTFE layers were used to prevent water leakage from the cathode 
and also to reduce oxygen diffusion through the cathode.   
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4.4.1.2 Cathode Characterization 
FESEM images of commercial Pt-carbon cloth before and after coating with PTFE 
layers are shown in Figure 4.1. The morphology of the PTFE layers covered the Pt-
carbon cloth was uniform and dense with only few pores for water to pass through.    
      
Figure 4.1 FESEM images of commercial Pt-carbon cloth (25,000x magnification): (A) before coating 
with PTFE solution; and (B) after coating with PTFE solution. 
 
To confirm the hydrophobicity of the coated PTFE layers, contact angle test was also 
carried out at the PTFE surface of the cathode. The results showed high 
hydrophobicity property at average contact angle of 163
o
. Based on the results from 
FESEM and contact angle test, it was indicated that the PTFE layers coated on Pt-
carbon cloth were highly effective in preventing water loss and subsequently 
maintaining the volume of substrate within the MFCs.  
 
4.4.2 Anode  
4.4.2.1 Anode Preparation 
In order to select the suitable method that can improve microbial attachment, electron 
transfer, anode resistance and substrate oxidation at the anode, five different anodes 
were prepared, namely plain carbon cloth, MWCNT/spray/cc, MWCNT/incubate/cc, 
MWCNT/sputter/cc and MWCNT/filter/membrane. 
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With conventional spraying method, some of the MWCNT suspension was stuck in the 
air-spray gun, while a large fraction of MWCNTs was lost through the large channels 
separating the threads of the carbon cloth. This problem could be prevented by adding 
a layer of carbon black on the carbon cloth prior to spray coating the MWCNTs (Lu et 
al., 2011). However, this would influence the thickness and overall cost of the anode. 
For simple incubation method, a large amount of MWCNTs was also lost through the 
channels within the carbon cloth. This problem could be solved by surface treatment of 
carbon cloth before incubation in order to improve adsorption capacity of the carbon 
cloth (Wei et al., 2011a). In terms of novel sputtering method, this method required 
expensive and complex CVD equipment, and multi operational steps at high 
temperature with specific growth catalyst.  
 
With filtration method to prepare buckypaper, after drying process, brittle and cracked 
buckypapers and/or unpeeled buckypapers from membranes were observed from all 
samples with different preparation conditions (Plate 4.2). This might be due to the lack 
of backing layer from CNF material, which provided high porosity and length for 
MWCNTs to cover (Zhu et al., 2010a).   
 
 
Plate 4.2 Examples of unsatisfactory MWCNT buckypapers. 
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Based on the unsatisfactory results, the buckypaper preparation method was modified 
using a membrane as a backing layer of MWCNT suspension. After drying process, a 
thin film layer of MWCNTs was expected to tightly adhere on the membrane. Table 
4.2 summarizes the preliminary results for the preparation of MWCNT/filter/ 
membrane. 
 
To determine if the MWCNT/filter/membrane anodes were prepared successfully, they 
had to meet all three determining factors, which include being well-dispersed in 
solvent/surfactant, the absence of cracks when dried and adherence to membrane 
(Table 4.2). The MWCNT suspension after sonication provided well-dispersed 
MWCNTs without any aggregates and also still remained stable without any visible 
sedimentation at room temperature after 24 h of sonication (Plate 4.3A). Poor 
MWCNT suspension is shown in Plate 4.3B. After filtration, all MWCNTs tightly 
adhered to the membrane with no cracks and flaking observed (Plate 4.4A). 
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M-COOH-1 - + -
M-COOH-2 - + -
M-COOH-3 - + - 
M-COOH-4 - + -
M-COOH-5 - + -
M-COOH-6 - + -
M-COOH-7 + + -
M-COOH-8 + - +
M-COOH-9 + + -
M-COOH-10 + + -
M-COOH-11 + + -
M-COOH-12 + + -
M-COOH-13 + + -
M-COOH-14 + + +
M-COOH-15 + + +
M-COOH-16 + - +
M-COOH-17 + + -
M-COOH-18 + + -
M-COOH-19 + + -
M-COOH-20 + - +
M-COOH-21 + + -
M-COOH-22 + + -
M-COOH-23 + - +
M-COOH-24 + + -
M-COOH-25 + + +
M-COOH-26 + + +




+ visual observation of determining factors 




Plate 4.3 CNT dispersions: (A) well-dispersed MWCNT suspension; and (B) poor-dispersed MWCNT 
suspension. 
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Plate 4.4 Dried CNT anodes: (A) satisfactory MWCNT/filter/membrane; and (B) unsatisfactory 
MWCNT/filter/membrane. 
 
The optimal conditions for the successful cases from MWCNT/filter/membrane were 
as follows: 
 Sample M-COOH-8: dispersed in 1% (v/v) SDS with sonication time 60 min. 
 Sample M-COOH-16: dispersed in 1% (v/v) Triton X-100 with sonication time 
30 min. 
 Sample M-COOH-20: dispersed in 0.75% (v/v) Triton X-100 with sonication 
time 60 min. 
 Sample M-COOH-23: dispersed in 0.5% (v/v) Triton X-100 with sonication 
time 60 min.  
 
From the results, the appropriate dispersion solvents to form a well-dispersed and 
stable MWCNT suspension were Triton X-100 at concentrations of 0.5, 0.75, 1% (v/v) 
and SDS at a high concentration of 1% (v/v). This could be due to the fact that benzene 
ring from Triton X-100 structure can improve adsorption on MWCNTs due to - 
stacking type interaction. In addition, the dispersion power of surfactant depends on 
how strongly surfactant adsorbs onto the MWCNT surfaces (Rastogi et al., 2008). In 
terms of SDS, the low concentration of SDS was insufficient to evenly coat onto 
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MWCNT surfaces, resulting in lower repulsive forces between individual nanotubes 
(Rastogi et al., 2008). A similar type of dispersion surfactant was previously reported 
by McPhail et al. (2009) and Rastogi et al. (2008).  
 
With the length of dispersion, sonication time ranging from 30 to 60 min was needed 
to break the aggregates into MWCNT ropes and then efficiently disperse nanotubes. 
Lower a sonication process may result in some large size ropes and uneven size 
distribution, resulting in mechanical property. On the other hand, over sonication may 
result in broken tube pieces and reduce mechanical property of CNTs (Rastogi et al., 
2008; Yeh, 2004).  
 
For drying process, a thin MWCNT film could be firmly attached on Poreflon 
membrane when dried at room temperature overnight (Plate 4.4A). The morphology of 
MWCNTs on Poreflon membrane observed by FESEM displayed a network dispersion 
after drying at room temperature overnight (Figure 4.2A), while MWCNTs were 
changed to non-uniform particles after drying at 250
o
C for 30 min (Figure 4.2B). In 
addition, a thin film on membrane was cracked after drying in desiccators for 1 h due 
to fast evaporation of water. Therefore, the slow drying process was found to be 
necessary for MWCNT/filter/membrane preparation process. 
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Figure 4.2 FESEM images of MWCNT/filter/membrane after drying process (25,000x magnification): 
(A) at room temperature overnight; and (B) at 250
o
C for 30 min.  
            
In order to choose the best preparation condition, MWCNT/filter/membrane from 
selected conditions above was tested with four-probe method to measure conductivity 
(Table 4.3). The results showed the influence of surfactant on conductivity. As such, 
improvement of the dispersion stability and conductivity is an important issue for 
developing MWCNT/filter/membrane anode for MFC.  
 
Table 4.3 Conductivity of MWCNT/filter/membrane from selected preparation conditions. 
Conditions for MWCNT/filter/membrane preparation Conductivity (S/cm)
1% (v/v) SDS with sonication time 60 min 62±5
1% (v/v) Triton X-100 with sonication time 30 min 71±6
0.75% (v/v) Triton X-100 with sonication time 60 min 78±8
0.5% (v/v) Triton X-100 with sonication time 60 min 103±10  
 
Based on the conductivity results, the optimal conditions used to fabricate 
MWCNT/filter/membrane are summarized in Table 4.4.  
 
Table 4.4 Optimal conditions to fabricate MWCNT/filter/membrane. 
Parameters Conditions
Dispersion solvent 0.5% (v/v) Triton X-100
Dispersion time (min) 60
Membrane filter Poreflon membrane
Drying process At room temperature overnight  
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4.4.2.2 Anode Characterization 
a) Anode Morphology 
The morphology and structure of carbon cloth and MWCNT-based anodes were 
observed by SEM and FESEM (Figure 4.3). The roughness and curvature of fibres 
from plain carbon cloth used as a control anode and a supporting material are shown in 
Figure 4.3A. MWCNT/filter/membrane was fully covered with MWCNTs on the 
totality of membrane with a porous structure and a high rough surface (Figure 4.3B). 
At high magnification (Figure 4.3C), the MWCNT ropes presented a highly entangled 
CNT network, which might improve mechanical strength, support microbial growth, 
and serve as nanowires to facilitate electron transfer between the microbes and the 
anode (Oh et al., 2008; Wang et al., 2011a). For sputtering method, a uniform 
dispersion of MWCNTs with some clusters could be observed on the carbon cloth 
(Figure 4.3F). In contrast, MWCNTs coated on carbon cloth by spraying and 
incubation showed a poor dispersion of aggregated MWCNTs on the carbon cloth 
(Figures 4.3D and 4.3E). This could be explained by a large fraction of MWCNTs 
which lost during the preparation process. A similar result was reported from Hecht et 
al. (2005) who mentioned that the spraying and incubation methods provided the non-
uniform distribution of CNTs along carbon cloth fibres. From SEM images, the 
concentration of MWCNTs coated on supporting materials could be ranked as follows: 
MWCNT/filter/membrane > MWCNT/sputter/cc > MWCNT/incubate/cc > 
MWCNT/spray/cc.  
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Figure 4.3 SEM images (A, B, D, E, F) (250x magnification), and FESEM image (C) (50,000x 
magnification) of various anodes from different preparation methods: (A) carbon cloth; (B) 
MWCNT/filter/membrane; (C) MWCNT/filter/membrane; (D) MWCNT/spray/cc; (E) 
MWCNT/incubate/cc; and (F) MWCNT/sputter/cc. 
   
b) Anode Characterization 
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Table 4.5 Surface roughness and electrical conductivity of various types of anodes        
from different preparation methods. 
 
Types of anodes Surface roughness (nm) Electrical   conductivity (S/cm)
Carbon cloth 184±16 44±7
MWCNT/filter/membrane 418±10  91±14
MWCNT/spray/cc 205±20 54±8
MWCNT/incubate/cc 230±23 59±8
MWCNT/sputter/cc 249±16   68±10  
 
The control plain carbon cloth anode displayed lower roughness and conductivity 
compared to MWCNT-based anodes. In addition, the specific surface area, pore 
volume and pore diameter of MWCNT-COOH material were higher than that of plain 
carbon cloth (148 ± 11 VS 60 ± 6 m
2
/g, 0.22 ± 0.03 VS 0.05 ± 0.03 cm
3
/g and 3.6 ± 
0.4 VS 2.1 ± 0.3 nm, respectively). High specific surface area is expected to facilitate 
microbial colonization on anodes (Cheng et al., 2006a; Xie et al., 2011), while high 
porosity may favor substrate transportation and microbial colonization deep inside the 
anodes (Rabaey and Verstraete, 2005). High specific surface area and porosity are also 
known to provide more active sites for bacterial catalytic substrate oxidation (Higgins 
et al., 2011). 
 
The roughness of anodes measured using AFM could be ranked as follows: 
MWCNT/filter/membrane (418 ± 10 nm) > MWCNT/sputter/cc (249 ± 16 nm) > 
MWCNT/incubate/cc (230 ± 23 nm) > MWCNT/spray/cc (205 ± 20 nm) > plain 
carbon cloth (184 ± 16 nm). MWCNT-based anodes displayed greater roughness 
values than plain carbon cloth due to the aggregated MWCNTs coated on supporting 
materials. Especially, MWCNT/filter/membrane was nearly 2.3 times rougher than 
plain carbon cloth. Interestingly, among MWCNT-based anode, anode from filtration 
method showed highest roughness values and this could be directly related to high 
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concentration of MWCNTs fully covered on membrane (Figure 4.3B). Low 
concentration of MWCNTs was coated on carbon cloth from spraying, incubation and 
sputtering (Figures 4.3D, 4.3E and 4.3F, respectively) and this could be explained by a 
large loss of MWCNTs during preparation process. Thus, roughness of MWCNT-
based anodes followed the trend of MWCNT amount coated on supporting materials. 
Rougher anode surfaces allow more microbial adhesion due to an increase in the 
contact area, especially at the depressions in the roughed surface (Muller et al., 2007).  
 
Room temperature conductivity of the anodes was measured using van der Pauw 
method. As listed in Table 4.5, MWCNT/filter/membrane exhibited the highest 
conductivity (S/cm) at 91 ± 14, followed by MWCNT/sputter/cc (68 ± 10), 
MWCNT/incubate/cc (59 ± 8), MWCNT/spray/cc (54 ± 8) and plain carbon cloth (44 
± 7). MWCNT-based anodes displayed higher conductivity than plain carbon cloth due 
to the unique network structure of MWCNTs, which provided stronger interaction 
contacts between tubes, resulting in enhanced conductivity (Ishaq et al., 2009; Rivas 
and Rubianes, 2007). Similar to roughness, conductivity of MWCNT-based anodes 
followed the trend of amount of MWCNTs coated on supporting materials (Figures 
4.3B, 4.3D, 4.3E and 4.3F). In addition, Nafion used in spraying and incubation 
methods may decrease in conductivity of anode. High conductivity of MWCNT-based 
anodes, especially MWCNT/filter/membrane may result in enhanced electron transfer 
from microbes to the anode and then from the anode through the circuit (Higgins et al., 
2011).  
       
c) Anode Mechanical Property 
The mechanical property from tensile strength was measured using tensile testing 
machine, as summarized in Table 4.6.  
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Table 4.6 Tensile strength of various types of anodes from different preparation methods. 
 








MWCNT-based anodes displayed higher tensile strength than plain carbon cloth (1.7 ± 
0.3 MPa) due to the seamless and defect-free cylindrical graphitic structure of 
MWCNTs (Li et al., 2000). Similar to roughness and conductivity properties, tensile 
strength of MWCNT-based anodes increased with an increase in the amount of 
MWCNTs coated on supporting materials. Among MWCNT-based anode, 
MWCNT/filter/membrane achieved the highest value (4.0 ± 0.4 MPa) due to strong 
van der Waals interaction energy of tube-tube contact from a uniform distribution of 
CNT network on membrane (Pham et al., 2008; Rastogi et al., 2008). As such, 
MWCNT/filter/membrane was mechanically strong to be handled and also served as 
MFC anodes. In addition, the tensile strength of the MWCNT/filter/membrane was in 
the same range as reported for CNT composites in the literature (Brunet et al., 2008; 
Pham et al., 2008; Suppiger et al., 2008).  
 
4.4.3 MFC Performance  
The performance of MFCs equipped with carbon cloth and MWCNT-based anodes 
was investigated in terms of electrical performance, organic removal efficiency and 
biofilm attachment. Five MFC reactors operated with the following configurations: 
(MFCcc) plain carbon cloth as an anode; (MFCfilter) MWCNT/filter/membrane as an 
anode; (MFCspray) MWCNT/spray/cc as an anode; (MFCincubate) MWCNT/incubate/cc 
as an anode; and (MFCsputter) MWCNT/sputter/cc as an anode. In all cases, commercial 
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Pt-carbon cloth was used as cathode materials. All reactors were operated with a 
continuous flow rate of 90 µl/min (HRT of 7.5 h) at room temperature (30 ± 2 
o
C). An 
initial COD concentration of 240 mg/l
 





synthetic acetate wastewater were used.  
 
4.4.3.1 Electrical Performance 
At the first stage, all MFC reactors were inoculated with bacteria presented in domestic 
wastewater. OCV operated with domestic wastewater during 45 days of operation is 
































Figure 4.4 Open circuit voltage for MFCs with various types of anodes from different preparation 
methods operated with domestic wastewater during 45 days of operation. 
 
Power output was observed within the first day of operation from all reactors. The 
voltage then gradually increased for 5 days and rapidly increased until reach a stable 
voltage. The startup time before the voltage rose up to a stable level within 16, 12, 14, 
14 and 13 days for the MFCcc, MFCfilter, MFCspray, MFCincubate and MFCsputter, 
respectively. Following an acclimation period of approximately 2 months, the constant 
voltage reached 0.47 ± 0.05, 0.39 ± 0.03, 0.35 ± 0.04, 0.33 ± 0.03 and 0.29 ± 0.03 V 
from MFCfilter, MFCsputter, MFCincubate, MFCspray and MFCcc, respectively. These results 
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demonstrate that MFCfilter could shorten the startup time. This might be explained by 
high specific surface area, porosity, roughness and unique structure of MWCNTs 
allowing enhanced microbial colonization and deep penetration of the substrate.  
 
Power density curves from MFCs operated with domestic wastewater at 2 months of 
operation are shown in Figure 4.5. MFCs with different anodes could be ranked as 
follows in terms of averaged Pmax (mW/m
2
): MFCfilter (59 ± 7) > MFCsputter (41 ± 5) > 
MFCincubate (37 ± 4) > MFCspray (34 ± 5) > MFCcc (22 ± 4). The Pmax attained could be 



























Figure 4.5 Power density curves for MFCs with various types of anodes from different preparation 
methods operated with domestic wastewater at 2 months of operation. 
 
Afterwards, substrate was switched to synthetic acetate wastewater at acetate 
concentration of 2 g/l. Polarization and power density curves obtained during steady 
power production stages (at 4 months of operation) are shown in Figure 4.6.  
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Figure 4.6 (A) Polarization curves; and (B) Power density curves of MFCs with various types of anodes 
from different preparation methods operated with synthetic acetate wastewater (2 g/l) at 4 months of 
operation. 
 
The power density curves showed a typical volcano shape commonly found in MFCs 
(Logan et al., 2007; Rismani-Yazdi et al., 2008; Tsai et al., 2009). In comparison with 
MWCNT-based anodes, control anode with plain carbon cloth performed poorly 
(Table 4.7) and this can be directly related to MWCNTs coated on supporting 
materials, which improved morphological and physical properties of the anodes for 
microbial attachment and electron transfer capability.  
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Table 4.7 Electrical MFC performance with various types of anodes from different preparation methods 
operated with synthetic acetate wastewater (2 g/l) at 4 months of operation. 
 
Internal OCV Maximum






MFCcc 1.2±0.2 0.55±0.05 72±12
MFCfilter 0.8±0.1 0.75±0.03 154±14
MFCspray 1.1±0.1 0.60±0.04 89±13
MFCincubate 1.0±0.1 0.63±0.04 96±13




The lowest internal resistance (.m2) was achieved from MFCfilter at 0.8 ± 0.1, 
followed by MFCsputter (0.9 ± 0.1), MFCincubate (1.0 ± 0.1) and MFCspray (1.1 ± 0.1) with 
MFCcc achieving the highest internal resistance at 1.2 ± 0.2. Thus, the internal 
resistances followed the trend of conductivity of anodes (Table 4.5). Increasing the 
conductivity of anodes decreased the internal resistance of MFC system. Overall, these 
values of internal resistance were quite high, but could be lowered with an improved 
MFC design and a distance between anode and cathode, which is beyond the scope of 
this study. In terms of OCV, it was higher with MFC equipped with MWCNT-based 
anodes than with MFCcc and the highest value was achieved from MFCfilter at 0.75 ± 
0.03 V.  
 
Due to high OCV, MFC equipped with MWCNT-based anodes generated higher Pmax 
than MFCcc and the highest value of 154 ± 14 mW/m
2 
was generated from MFCfilter, 
followed by MFCsputter (117 ± 15), MFCincubate (96 ± 13), MFCspray (89 ± 13) and MFCcc 
(72 ± 12). The Pmax of MFCfilter achieved approximately 2 times higher than that 
obtained from MFCcc. Again, this could be explained by their excellent specific 
surface area, large amounts of pores, large pore size, great curving surfaces and high 
conductivity of MWCNTs over the plain carbon cloth. These could result in 
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improvement of microbial attachment during reactor startup, efficiency of electron 
transfer from microbe to the anode surface, efficiency of microbial catalytic oxidation 
of substrate and efficiency of substrate transportation. In comparison among MWCNT-
based anodes from different preparation methods, MFCfilter displayed the highest value 
due to high concentration of MWCNTs with a highly entangled network on the 
membrane (Figures 4.3B and 4.3C). The lowest values from MFCspray and MFCincubate 
are related to a poor distribution of MWCNTs on carbon cloth with high resistivity of 
Nafion.  
 
Compared among preparation methods of MWCNT-based anodes, filtration is a 
simple, time-saving and cost-effective method providing a uniform and dense 
MWCNT structure more efficient than those from spraying and incubation methods. 
With a novel sputtering method, MWCNTs coated on carbon cloth exhibited high 
distribution; however, this method was limited by the complex and expensive 
equipment with multiple steps required. Based on the results, filtration seems to be a 
suitable preparation method of MWCNT-based anodes. In addition, compared to the 
literature (Table 4.8), the OCV from MWCNT/filter/membrane MFC obtained in this 
study (0.75 V) was higher than that obtained from spraying and dipping methods 
(Higgins et al., 2011; Sun et al., 2010a; Tsai et al., 2009, Zou et al., 2008). This can be 
related to the improved morphology, roughness and conductivity of MWCNT-based 
anodes from filtration. However, the Pmax in this study was lower than some reports 
(Sharma et al., 2008; Sun et al., 2010a, Xie et al., 2011; Zou et al., 2008) due to the 
absence of mediator and PEM, as well as different substrate used, cathode material, 
catholyte, reactor design, HRT and external resistance. 
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Table 4.8 Literature review of MFCs equipped with CNT-based anodes from different preparation 
methods.  
 
Carbon felt with 
chitosan/MWCNTs
Carbon felt with Pt Dipping and drying Not reported 0.60 Higgins et al., 2011
Ni foam with 
polyaniline/MWCNTs
Not reported Not reported 42 0.45 Qiao et al., 2007
Sharma et al., 2008
Carbon cloth with MWCNTs Carbon cloth with MWCNTs Dipping and drying 65 0.20 Tsai et al., 2009
Carbon paper with MWCNT-
COOH
Carbon paper with Pt Dipping and drying 290 0.51 Sun et al., 2010a





Use of an anion       
exchange membrane
MWCNT-COOH coated on 
Poreflon membrane
Carbon cloth with Pt Filtration 154 0.75 This study
Reference Remarks
Carbon paper with                    
Sn-Pt/MWCNT-COOH
Carbon paper with Sn-
Pt/MWCNT-COOH
Not reported 2470 0.91 Use of a Nafion
 
PEM, 




Anode material Cathode material
OCV               
(V)
Anode  preparation




Xie et al., 2011
Carbon paper with 
polypyrrole/MWCNTs
Carbon paper Spraying 228 0.18 Zou et al., 2008




4.4.3.2 Organic Removal Efficiency 
The organic removal efficiency is another parameter to evaluate MFC performance as 
a treatment system. The COD, SS and acetate removal efficiencies, and corresponding 
CE are summarized in Table 4.9.  
 
Table 4.9 Organic removal efficiencies achieved by MFCs with various types of anodes from different 
preparation methods operated with domestic wastewater and synthetic acetate wastewater (2 g/l). 
 
 COD SS   Acetate   
 removal (%)  removal (%) removal (%)     
MFCcc  55±5 56±5 94±4
MFCfilter  68±3 69±4 96±3
MFCspray  59±6 61±8 95 ±4
MFCincubate  61±6 63±5 95±4
MFCsputter  64±5 66±5 96±3
  64±8   6±2
MFC
                    Domestic wastewater                     
   CE               
   (%)
  COD   
  removal (%)                  
            Synthetic acetate wastewater                                
  4±1   75±7   16±3
  6±1   80±6   19±3
  8±1   86±5   24±3
  4±1   71±8   13±2
   CE               





The best performing MFC for all organic removal efficiencies was the MFCfilter, 
achieving approximately 68 ± 3% COD removal efficiency, 69 ± 4% SS removal 
efficiency with domestic wastewater, 86 ± 5% COD removal efficiency and 96 ± 3% 
acetate removal efficiency with synthetic acetate wastewater. The improved organic 
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removal efficiencies of MWCNT/filter/membrane over other anodes can again be 
explained by their high specific surface area, porosity and roughness allowing 
enhanced microbial colonization on the anode and deep penetration of the substrate. In 
contrast, MFCcc displayed the lowest organic removal efficiencies due to lowest 
specific surface area and porosity for microbial growth and hence hinder the substrate 
diffusion (Xie et al., 2011). In addition, the organic removal efficiencies of MFCfilter 
were competitive when compared to published literature with conventional carbon 
anodes used (e.g. carbon paper and graphite rod) (Liu and Logan, 2004; Liu et al., 
2004a; Min and Logan, 2004).  
 
The COD removal efficiency (%) order of MFC with different anodes was MFCfilter 
(68 ± 5) > MFCsputter (64 ± 5) > MFCincubate (61 ± 6) > MFCspray (59 ± 6) > MFCcc (55 ± 
5). The same trend could be seen for the SS removal efficiency. For these series of test, 
only domestic wastewater was used, as the presence of SS was more evident in 
domestic wastewater. Also, these SS affects the organic contents, and the measure of 
the SS removal efficiency is another option to determine the organic removal 
efficiency in MFCs. 
 
With synthetic acetate wastewater substrate, all MFC reactors provided the acetate 
removal efficiency over 94%, which also confirmed the suitability of this substrate for 
MFCs. With respect to efficient acetate removal efficiency, this could be due to the 
fact that the presence of microbes from the inoculation of mixed cultures might be 
suitable for acetate oxidation. Acetate can be completely oxidized into carbon dioxide, 
protons and electrons, which the electrons are sources for power generation (Lovley, 
2008).  
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With domestic wastewater, MFCfilter showed the highest CE (%) at 8 ± 1, followed by: 
MFCsputter (6 ± 1), MFCincubate (4 ± 1), MFCspray (4 ± 1) and MFCcc (2 ± 1). The same 
trend was observed with synthetic acetate wastewater substrate. MFCfilter was 
approximately 4 times higher CE than MFCcc with both domestic and synthetic acetate 
wastewater. This could again be explained by the improved microbial attachment and 
electron transfer on MWCNT/filter/membrane. However, the low CE from all the 
MFCs indicated that the majority of the substrate was not utilized for power 
generation. This was possibly due to oxygen diffusion from the cathode to the anode 
can cause: (i) the consumption of substrate by oxygen at the anode, (ii) restriction of 
obligate and facultative anaerobe growth at the anode, (iii) competitive aerobe growth 
at the anode, and (iv) contamination from bacterial formation at the cathode (Fan et al., 
2007; Min and Logan, 2004). As could be seen at the end of MFC operation, biofilm 
coated on both the anode and cathode from all reactors was observed. This biofilm was 
thicker at the cathode, which could be explained by the oxygen diffusion that allowed 
the development of a thicker aerobic biofilm compared to the anaerobic biofilm that 
developed at the anode as aerobe has a higher growth rate than anaerobe. Therefore, 
air-cathode MFCs with the aid of a PEM or a barrier layer should be considered for our 
further study. 
 
4.4.3.3 Microorganism Attachment on Anodes 
As shown in Figure 4.7, the biofilm clearly covered on all anodes with rod-shaped, 
spherical-shaped and spiral-shaped microorganisms growing individually or in chains, 
which acted as a biocatalyst to transfer electrons to the anodes. However, biofilm was 
scarce on plain carbon cloth (Figure 4.7A), whereas a dense biofilm was observed 
from MWCNT-based anodes (Figures 4.7B, 4.7C, 4.7D and 4.7E). This can be related 
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to the higher roughness, specific surface area and porosity of MWCNTs that enhanced 
microbial attachment. Among MWCNT-based anodes, more biofilm developed was 
observed from MWCNT/filter/membrane (Figure 4.7B) due to improved structure and 
high concentration of MWCNTs on membrane.  
    
Figure 4.7 FESEM images of microbial growth on the surface of different anodes after 5 months of 
MFC operation (5,000x magnification): (A) carbon cloth; (B) MWCNT/filter/membrane; (C) 
MWCNT/spray/cc; (D) MWCNT/incubate/cc; and (E) MWCNT/sputter/cc. 
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4.4.3.4 Cost Analysis 
The cost of anode materials used in this study was US$ 5.2/g for MWCNT-COOH, 
US$ 270/m
2
 for Poreflon membrane and US$ 1,000/m
2 
for plain carbon cloth. To 
fabricate each reactor, 60 mg of CNTs and 20 cm
2
 of carbon cloth or Poreflon 
membrane were utilized for anodes in this study. Therefore, MWCNT/filter/membrane 
was found to be the most cost-effective anode at US$ 1/anode, while the price of 
MWCNTs coated on carbon cloth and plain carbon cloth was 2.3 and 2 times higher at 
US$ 2.3/anode and US$ 2/anode, respectively. 
 
4.5 Summary 
1) The MWCNT-based anodes, especially MWCNT/filter/membrane provided better 
anode qualities based on morphology, specific surface area, pore volume, pore 
diameter, roughness, conductivity and toughness over the control plain carbon cloth.  
2) The MFCs equipped with MWCNT-based anodes showed better performance than 
that obtained from plain carbon cloth. This could be explained by morphological, 
electrical and physical properties of MWCNTs, resulting in improvement of microbial 
attachment, electron transfer capability, substrate diffusion and substrate oxidation. 
3) The MFCfilter exhibited the best MFC performance in terms of power generation and 
organic removal efficiency. Such reactor greatly enhanced the OCV of 0.75 ± 0.03 V 
and displayed Pmax 2.1 times higher than the control set from MFCcc. The COD 
removal efficiency, acetate removal efficiency and CE on synthetic acetate wastewater 
were satisfactory at 86 ± 5%, 96 ± 3% and 24 ± 3%, respectively. In terms of cost 
analysis, MWCNT/filter/membrane was the most cost-effective materials among other 
anodes. 
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4) The filtration exhibited the best preparation method for MWCNT-based anodes due 
to excellent morphological criteria and physical characteristics, and performance in an 
actual MFC system of MWCNT/filter/membrane. In addition, this method was simple, 
cost-effective and time-saving. 
5) The optimum conditions to prepare MWCNT/filter/membrane with great dispersion 
stability and high conductivity were dispersion of MWCNT-COOH in 0.5% (v/v) 
Triton X-100 for 30 min and then vacuum-filtered through a Poreflon membrane. The 
membrane was then dried at room temperature overnight.  
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DIFFERENT TYPES OF CNT-BASED ANODES TO 
IMPROVE MFC PERFORMANCE  
  
5.1 Introduction 
As mentioned in Chapter 2 (Table 2.5), MWCNTs are the preferred CNT anode materials for 
MFC (Higgins et al., 2011; Qiao et al., 2007; Sharma et al., 2008; Sun et al., 2010a; Tsai et 
al., 2009; Zou et al., 2008), but SWCNTs have also been used (Xie et al., 2011). However, in 
the absence of comparison, it remains unclear whether MWCNTs or SWCNTs could be 
appropriate CNT materials. In addition, the role of the functional groups on the CNT surfaces 
has yet to be studied as all research so far has been conducted with carboxyl (-COOH) 
functional groups. Alternatively, hydroxyl (-OH) functional groups may improve bacterial 
adhesion due to strong adhesion forces of hydrogen bonds between the terminal -OH groups 
on CNTs and the hydrogen bond acceptors or donors present on the bacterial cell walls 
(Parreira et al., 2011; Xu and Logan, 2006). Additionally, a handful of studies have shown an 
inhibitory effect of CNTs on bacterial growth (Kang et al., 2007; Magrez et al., 2006), but 
other research works have concluded that bacterial immobilization on CNTs was indeed 
possible (Dumitru et al., 2008; Gutiérrez et al., 2007; Upadhyayula et al., 2009). Therefore, 
toxicity studies of CNT-based anodes should be further conducted. 
 
5.2 Materials and Methods 
In this study, the impacts of the CNT nature (single- and multi- wall) and functional groups (-
COOH and -OH) of CNT-based anodes were investigated to select the most suitable CNTs 
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that can improve anode properties for MFC application. Three types of CNTs including 
SWCNT-COOH, MWCNT-COOH and MWCNT-OH were used to fabricate CNT-based 
anode by a filtration method. This preparation method was chosen due to excellent results 
presented in Chapter 4 and MFCs with MWCNTs coated on Poreflon membrane by filtration 
exhibited better performance than MFCs with MWCNTs coated on carbon cloth by spraying, 
incubation and sputtering. Briefly, 60 mg of CNTs were dispersed in 40 ml of different 
dispersion solvent/surfactant by ultrasonication at various periods (30, 60 and 90 min). These 
dispersion solvents/surfactants including DI water, ethanol, SDS and Triton X-100 were 
investigated. In addition, the concentration of surfactant at 0.5, 0.75 and 1 % (v/v) was also 
studied. The homogenized CNT suspension was then vacuum-filtered through a Poreflon 
membrane, followed by drying at room temperature.  
 
The quality of prepared anodes was evaluated by morphology and structure, roughness, 
conductivity, mechanical property, specific surface area and pore volume, and pore diameter 
using SEM and FESEM, AFM, four-probe method, tensile testing machine, BET method, and 
BJH method, respectively. Also, the biocompatibility studies of SWCNT-COOH, MWCNT-
COOH and MWCNT-OH materials with E. coli were conducted. Commercial Pt-carbon cloth 
coated with four layers of PTFE was prepared following the method of Cheng et al. (2006a) 
and used as cathodes for all MFCs. Membrane-less single-chamber air-cathode MFC reactors 
were constructed with a 2-cm deep path separating the anode from the cathode and having a 
total volume of 40.5 cm
3
. The apparent anode and cathode surface areas were 20.25 cm
2 
each. 
The performance of MFCs equipped with various types of CNT-based anodes using domestic 
wastewater and synthetic acetate wastewater was evaluated by chemical analysis, electrical 
calculation and biofilm images. In addition, the performance of these MFCs, using CNTs as 
anodes, was compared against that using plain carbon cloth. All reactors with different types 
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of anodes were carried out in duplicate, as shown in Table 5.1 and Plate 5.1. Moreover, the 
influences of HRT, external resistance and acetate concentration for MFC operation were 
discussed in this study.   
 






Carbon cloth                         
Commercial Pt-carbon  cloth              SWCNT-COOH filter-coated on Poreflon  membrane
MWCNT-COOH filter-coated on Poreflon membrane
MWCNT-OH filter-coated on Poreflon membrane
Anode






      Plate 5.1 A photo of MFC system with different anodes from various types of CNTs. 
 
In order to facilitate the identification of our various CNT anodes, CNTs, SWCNT-COOH, 
MWCNT-COOH and MWCNT-OH filtered on a Poreflon membrane will be referred to as 
CNTs/Poreflon, SWCNT-COOH/Poreflon, MWCNT-COOH/Poreflon and MWCNT-
OH/Poreflon, respectively, in the rest of this chapter. 
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5.3 Objectives 
The main objectives of this study are as follows: 
1) To investigate and optimize parameters of filtration method for preparation of 
SWCNT-COOH/Poreflon and MWCNT-OH/Poreflon. 
2) To evaluate three different types of CNTs/Poreflon anodes based on morphological 
criteria, physical characteristics and biocompatibility assessment.   
3) To investigate the influences of types of CNT nature and types of functional groups 
on CNT surfaces based on MFC performance in terms of power generation, organic 
removal efficiency and bacterial attachment. 
4) To investigate the influences of HRT, external resistance and acetate concentration of 
MFC operation. 
 
5.4 Results and Discussions 
5.4.1 Anode  
5.4.1.1 Anode Preparation 
Tables 5.2 and 5.3 summarize the preliminary results for the preparation of CNTs/Poreflon 
from SWCNT-COOH and MWCNT-OH, respectively. MWCNT-COOH/Poreflon was 
prepared using the optimal conditions presented in Chapter 4. In addition, plain carbon cloth 
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S-COOH-1 + + +
S-COOH-2 + - +
S-COOH-3 + - +
S-COOH-4 + + +
S-COOH-5 + + +
S-COOH-6 + - +
S-COOH-7 + + -
S-COOH-8 + + -
S-COOH-9 + + -
S-COOH-10 + + -
S-COOH-11 + + -
S-COOH-12 + + -
S-COOH-13 + + -
S-COOH-14 + + +
S-COOH-15 + + +
S-COOH-16 + + -
S-COOH-17 + + -
S-COOH-18 + + -
S-COOH-19 + + -
S-COOH-20 + + -
S-COOH-21 + + +
S-COOH-22 + + -
S-COOH-23 + + +





+ visual observation of determining factors 
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M-OH-1 - + -
M-OH-2 - + -
M-OH-3 - + - 
M-OH-4 - + -
M-OH-5 - + -
M-OH-6 - + -
M-OH-7 + - -
M-OH-8 + - +
M-OH-9 + + -
M-OH-10 + - -
M-OH-11 + - +
M-OH-12 + + -
M-OH-13 - - +
M-OH-14 - - +
M-OH-15 - + -
M-OH-16 - + -
M-OH-17 - + -
M-OH-18 + + -
M-OH-19 + + +
M-OH-20 + + -
M-OH-21 + + -
M-OH-22 + + -
M-OH-23 + + -




+ visual observation of determining factors 
-  no visual observation of determining factors 
 
 
To determine if the CNT/Poreflon anodes were prepared successfully, it had to meet all three 
determining factors, which include being well-dispersed in solvent/surfactant, the absence of 
cracks when dried and adherence to supporting membrane, as stated in Tables 5.2 and 5.3. 
The CNT suspension after sonication had to provide well-dispersed CNTs without any 
aggregates and also still remained stable without any sedimentation at room temperature after 
24 h of sonication (Plate 5.2A). After filtration, all CNTs tightly adhered to the Poreflon 
membrane with no cracks and flaking observed (Plate 5.2B). 
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Plate 5.2 Satisfactory CNTs/Poreflon: (A) well-dispersed CNT suspension; and (B) satisfactory dried CNTs on a 
Poreflon membrane. 
 
The optimal conditions for the successful cases from SWCNT-COOH and MWCNT-OH 
materials were as follows: 
SWCNT-COOH 
 Sample S-COOH-2: DI water with sonication time 60 min 
 Sample S-COOH-3: DI water with sonication time 90 min 
 Sample S-COOH-6: ethanol with sonication time 90 min 
MWCNT-OH 
 Sample M-OH-8: 1% (v/v) SDS with sonication time 60 min 
 Sample M-OH-11: 0.75% (v/v) SDS with sonication time 60 min 
 
From the results, the appropriate dispersion solvents for SWCNT-COOH were DI water and 
ethanol. On the other hand, the results from using SDS and Triton X-100 as surfactants 
showed some cracks and flakes on the SWCNT sheet, which indicated there was no SWCNT 
rope network formed. With MWCNT-OH, only SDS could be used as dispersion surfactant 
together with a high concentration of 0.75 and 1% (v/v). This could be explained by long 
hydrophobic tail groups of SDS providing great repulsive forces between individual 
nanotubes (Rastogi et al., 2008). However, SDS at a low concentration of 0.5% (v/v) was 
insufficient to evenly coat onto the MWCNT surfaces that may have resulted in low repulsive 
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forces between nanotubes. The results of dispersion surfactants in this study were different 
from others using 1% (w/w) SDS (Hecht et al., 2005), 1% (w/w) SDBS (Xie et al., 2011), 2% 
(w/w) SDBS (Moore et al., 2003) for SWCNT dispersion, and using 1% (w/w) Triton-X 100 
(McPhail et al., 2009; Rastogi et al., 2008) and ethanol (Tsai et al., 2009) for MWCNT 
dispersion.  
 
With the length of dispersion, sonication time ≥ 60 min was needed for SWCNT-COOH and 
MWCNT-OH. The sufficient sonication was needed to break the aggregates into CNT ropes 
and disperse nanotubes efficiently. Shorter a sonication process may result in some large size 
ropes and uneven size distribution. On the other hand, over sonication may result in broken 
tube pieces and reduce mechanical property of CNTs (Yeh, 2004).  
 
Improving both dispersion stability and conductivity of the CNTs is an important issue for 
developing CNT-based anodes. As such, selected anodes above were measured their 
conductivities in order to select the optimal preparation conditions for CNTs/Poreflon. Table 
5.4 shows conductivities of the CNTs/Poreflon prepared from different conditions. From the 
results, solvent/surfactant and its concentration might influence on conductivity of CNT-
based anodes.  
 
Table 5.4 Electrical conductivity of various CNTs/Poreflon. 
CNT material Conditions for CNTs/Poreflon   preparation Conductivity (S/cm)
SWCNT-COOH DI water with sonication time 60 min 136±12
DI water with sonication time 90 min 131±11
ethanol with sonication time 90 min 92±11
MWCNT-OH 1% (v/v) SDS with sonication time 60 min 91±13
0.75% (v/v) SDS with sonication time 60 min 80±8
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Based on the results from Tables 5.2, 5.3 and 5.4, the optimal conditions to fabricate each 
CNT/Poreflon anode are summarized in Table 5.5.  





SWCNT-COOH DI water 60
MWCNT-OH 1% (v/v) SDS 60
 
 
Even though SDS can improve dispersibility of MWCNTs, it is known that such surfactant 
can lead to cell lysis and cause tissue inflammatory responses. Therefore, it is important to 
remove any remnants of this surfactant from CNT/Poreflon anodes (Liu et al., 1997; Whitby 
et al., 2008).                                
 
5.4.1.2 Anode Characterization 
a)  Anode Morphology 
The morphology and structure of carbon cloth and CNTs/Poreflon, as observed by SEM and 
FESEM, are shown in Figure 5.1. Figure 5.1A demonstrates the roughness and curvature of 
the carbon cloth surface. SWCNT-COOH/Poreflon, MWCNT-COOH/Poreflon and 
MWCNT-OH/Poreflon showed a uniform dispersion of highly entangled CNT networks 
(Figures 5.1B, 1C and 1D, respectively), which might support the growth of microbes and 
serve as nanowires to facilitate electron transfer between the microbes and the anode (Wang 
et al., 2011a). During filtration, it appears that the CNT network formed continuous ropes 
caused by tube self-assembly induced by the van der Waals force (Pham et al., 2008). In the 
process, SWCNTs formed densely packed and extremely thin fibres (diameter at 5 nm) 
(Figure 5.1B), whereas MWCNT fibres were thicker (diameter at 20 nm) and formed a 
porous structure (Figures 5.1C and 5.1D) that is believed to enhance substrate diffusion and 
microbial colonization (Rabaey and Verstraete, 2005).  
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Figure 5.1 SEM image of anode (250x magnification): (A) carbon cloth, and FESEM images of CNTs/Poreflon 
(50,000x magnification): (B) SWCNT-COOH/Poreflon; (C) MWCNT-COOH/Poreflon; and (D) MWCNT-
OH/Poreflon. 
 
b) Anode Characterization 
The anode surface roughness, conductivity, specific surface area, pore volume and pore 
diameter are shown in Table 5.6. In comparison with CNTs/Poreflon, the control anode using 
plain carbon cloth displayed lower roughness, conductivity, specific surface area, pore 
volume and pore diameter. 
 
Table 5.6 Surface roughness, electrical conductivity, specific surface area, pore volume and pore diameter of 
carbon cloth and various CNTs/Poreflon. 











Carbon cloth 184±14 44±7 60±6 0.05±0.03 2.1±0.3
MWCNT-COOH/Poreflon                             418±10 91±13 148±11 0.22±0.03 3.6±0.4
a
Measured from anode material.
436±12 103±8 188±15 0.28±0.06 3.7±0.4MWCNT-OH/ Poreflon                                     
Types of anodes
225±12 136±12 124±14 0.15±0.04 3.3±0.5SWCNT-COOH/Poreflon                                   
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The roughness (nm) of anodes measured using AFM could be ranked as follows: MWCNT-
OH/Poreflon (436 ± 12) > MWCNT-COOH/Poreflon (418 ± 10) > SWCNT-COOH/Poreflon 
(225 ± 10) > carbon cloth (184 ± 14). MWCNT-OH/Poreflon was nearly 2.4 times rougher 
than plain carbon cloth. The higher roughness of MWCNTs as compared to SWCNTs may be 
related to the lower degree of CNT entanglement (Figures 5.1C and 5.1D). Rougher anode 
surfaces have greater surface areas and the depressions in the roughed surface provide more 
favourable sites for microbial adhesion, and subsequently aid in improved MFC performance 
(Muller et al., 2007).  
 
Room temperature conductivity of the anodes was measured using van der Pauw method. As 
listed in Table 5.6, SWCNT-COOH/Poreflon exhibited the highest conductivity (S/cm) at 
136 ± 12, followed by MWCNT-OH/Poreflon (103 ± 8), MWCNT-COOH/Poreflon (91 ± 
13) and carbon cloth (44 ± 7). The higher conductivity of SWCNTs as compared to 
MWCNTs can be directly related to the diameter of SWCNTs (5 nm) which was smaller than 
those MWCNTs (20 nm) and higher degree of entanglement (Figure 5.1B). High conductivity 
of CNTs/Poreflon may result in enhanced electron transfer from microbes to the anode and 
then from the anode through the circuit, and is essential in improving the electrical 
performance of MFC (Higgins et al., 2011). 
 
In terms of specific surface area; however, MWCNT-OH (188 ± 15 m
2
/g) and MWCNT-




were superior to SWCNT-COOH (124 ± 14 m
2
/g) and the same trend 
could be seen for the pore volume and pore diameter (Table 5.6). Increased specific surface 
area is expected to enhance more spaces for microbial colonization and more exposed areas 
for electron transfer (Cheng et al., 2006a; Higgins et al., 2011, Xie et al., 2011), while high 
porosity may support substrate penetration into the inner parts of the anodes (Rabaey and 
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Verstraete, 2005). High specific surface area and porosity are also known to provide more 
active sites for bacterial catalytic substrate oxidation (Cheng et al., 2006a; Higgins et al., 
2011). Finally, pore size in all cases belonged to the mesoporous (2 - 50 nm) range (Table 
5.6), a size generally considered optimal for microbial colonization deep inside the anode 
(Upadhyayula and Gadhamshetty, 2010).  
 
c) Anode Mechanical Property  
The mechanical property from tensile strength was measured using tensile testing machine. 
The tensile properties of carbon cloth and CNTs/Poreflon are summarized in Table 5.7.  
 





Types of anodes   Tensile strength (MPa)  
 
 
Carbon cloth displayed the lowest tensile strength (1.7 ± 0.3 MPa) to fracture, which was due 
to low energy needed to break carbon cloth fibre during fracture formation and propagation. 
High tensile strength in CNTs/Poreflon can be related to strong van der Waals interaction 
energy of tube-tube contact from a uniform distribution of CNT network on Poreflon 
membrane (Rastogi et al., 2008). Particularly, MWCNT/Poreflon demonstrated higher tensile 
strength than SWCNT/Poreflon due to the longer length of MWCNTs (10 - 30 µm VS 0.5 - 
1.5 µm). In addition, the tensile strength of these CNTs/Poreflon was in the same range as 
reported for CNT composites in the literature at 4 MPa (Suppiger et al., 2008), 4.3 MPa 
(Brunet et al., 2008) and 6.49 MPa (Pham et al., 2008). Based on the results, CNTs/Poreflon 
provided good mechanical property to handle and serve as anodes in MFC system.  
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d) Biocompatibility  
For the first method, E. coli stock culture was mixed with CNTs at a concentration ranging 
from 50 to 2000 mg/l (Plate 5.3A) under shaking at 37
o
C for 5 h. After incubation, E. coli 
culture with the additional CNTs became turbid due to the efficient E. coli growth (Plate 
5.3B). As shown in Figure 5.2A, the E. coli concentration from the control was 2.43 x 10
9 
CFU/ml, while the concentration from the addition of MWCNT sets was higher within the 
range from 2.45 x 10
9
 to 2.90 x 10
9 
CFU/ml. However, the E. coli concentration from the 
additional SWCNT-COOH set at ≥ 1000 mg/l was lower than the control. 
 
Plate 5.3 Photos of NB solution containing CNTs: (A) before E. coli inoculation; and (B) after E. coli 
inoculation. 
 
For the second method, CNTs at a concentration ranging from 10 to 400 mg/l were added to 
40 ml of NB agar before solidification (Plate 5.4A). After incubation, E. coli colonies could 
be observed in all areas of NB agar plates, which included around and on fine CNT powders 
(Plate 5.4B). As shown in Figure 5.2B, the E. coli concentration from the control was 4.47 x 
10
9 
CFU/ml, while the concentration from the addition of MWCNT sets was higher than the 
control set in the range from 4.50 x 10
9 
to 5.46 x 10
9
 CFU/ml. Nevertheless, the E. coli 
concentration from the additional SWCNT-COOH set at high dose of 400 mg/l was lower 
than the control. 
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Plate 5.4 Photos of NB agar plates containing CNTs: (A) before E. coli inoculation; and (B) after E. coli 
inoculation. 
 
The E. coli concentration in NB solution (Figure 5.2A) and NB agar plates (Figure 5.2B) 
showed no significant deviation from the control up to 2000 mg/l of MWCNTs in NB 
solution and 400 mg/l of MWCNTs on NB agar plates indicating an absence of toxicity of 
MWCNTs with E. coli.  However, SWCNT-COOH ≥ 1000 mg/l in NB solution and ≥ 200 
mg/l on agar plates inhibited the growth of E. coli with a cell concentration 32% and 11% 
lower than the control at 2000 mg/l of SWCNTs in NB solution and at 400 mg/l
 
of SWCNTs 
on NB agar plates, respectively. This could be explained by the increase of the degree of 
carboxyl groups in SWCNTs, which may have a direct impact on bacterial toxicity, as 
reported by others (Kang et al., 2008a; Magrez et al., 2006). Particularly, Kang et al. (2008a) 
explained that the shorter length of SWCNTs (0.5 - 1.5 µm VS 10 - 30 µm of MWCNTs) 
may allow them to penetrate through the cell of E. coli, disrupting its activity and 
subsequently destroying the cell. However, the exact mechanisms that lead to cell damage 
were still unclear.   
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Figure 5.2 E. coli concentration (CFU/ml) after an incubation period of 20 h at 37
o
C in the presence of CNTs: 
(A) in NB solution; and (B) on NB agar plates.  
 
These conclusions were supported by FESEM observations of CNTs/Poreflon incubated with 
E. coli stock culture at 37
o
C for 20 h (Figure 5.3), which showed much denser E. coli 
colonization with MWCNTs (Figures 5.3C and 5.3D) than with SWCNTs (Figure 5.3A). 
Moreover, at higher magnification (Figure 5.3B), SWCNT-COOH/Poreflon showed damaged 
cell membranes and misshapen E. coli cells, as already reported by Kang et al. (2008b). This 
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was corroborated with FESEM images of the anodes after 9 months of MFC operation 
(Figure 5.4).  
 
Figure 5.3 FESEM images of E. coli biofilm on various CNTs/Poreflon after incubation at 37
o
C for 20 h: (A) 
SWCNT-COOH/Poreflon (5,000x magnification); (B) SWCNT-COOH/Poreflon (10,000x magnification); (C) 
MWCNT-COOH/Poreflon (5,000x magnification); and (D) MWCNT-OH/Poreflon (5,000x magnification). 
 
As shown in Figure 5.4, the biofilm covered the totality of the anode surface with an 
abundance of rod-shaped, spherical-shaped and spiral-shaped microorganisms growing 
individually or in chains. However, biofilm was scarce on plain carbon cloth (Figure 5.4A), 
whereas a dense biofilm was observed from CNTs/Poreflon (Figures 5.4B, 5.4C and 5.4D). 
This can be related to the higher specific surface area, porosity and roughness of CNTs that 
enhanced microbial attachment. Among CNTs/Poreflon, more biofilm developed on anodes 
was observed from MWCNT/Poreflon compared to SWCNT/Poreflon. Interestingly, 
numerous pores were visible within the anodes created with MWCNTs (Figures 5.4C and 
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5.4D), favouring substrate transport deep within the anodes and further supporting bacterial 
growth. Such pores were not visible when SWCNTs were used (Figure 5.4B).  Based on the 
results from different biocompatible tests, it might be suggested that MWCNTs are 
biocompatible and could be served as anode materials in MFCs. However, more 
biocompatibility studies of CNTs on exoelectrogens should be further investigated. 
 
Figure 5.4 FESEM images of microbial growth on different anodes after 9 months of MFC operation (5,000x 
magnification): (A) carbon cloth; (B) SWCNT-COOH/Poreflon; (C) MWCNT-COOH/Poreflon; and (D) 
MWCNT-OH/Poreflon.      
 
5.4.2 MFC Performance  
The performance of MFCs equipped with CNT/Poreflon anodes was investigated in terms of 
electrical performance and organic removal efficiency. In addition, the performance of these 
MFCs was compared against that using plain carbon cloth. Four MFC reactors operated with 
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the following configurations: (MFCCC) carbon cloth as an anode; (MFCS-COOH) SWCNT-
COOH/Poreflon as an anode; (MFCM-COOH) MWCNT-COOH/Poreflon as an anode; and 
(MFCM-OH) MWCNT-OH/Poreflon as an anode. In all cases, commercial Pt-carbon cloth was 
used as cathode materials. All reactors were operated with a continuous flow rate of 90 
µl/min (HRT of 7.5 h) at room temperature (30 ± 2
o
C). An initial COD concentration of 240 
mg/l
 




for synthetic acetate wastewater were used. In 
addition, the influences of HRT, external resistance and acetate concentration for MFC 
operation were also discussed.  
 
5.4.2.1 Electrical Performance 
At the first stage, all MFC reactors were inoculated with bacteria naturally present in 































Figure 5.5 Open circuit voltage for MFCs operated with different anodes using domestic wastewater.  
 
As shown in Figure 5.5, power output was observed from all reactors within the first day of 
operation. The voltage then gradually increased for 5 days and rapidly increased until reach a 
stable voltage. The startup time before the voltage rose up to a stable level within 15, 15, 14 
and 12 days for MFCCC, MFCS-COOH, MFCM-COOH and MFCM-OH, respectively. Following an 
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acclimation period of approximately 2 months, the constant voltages reached 0.48 ± 0.04, 
0.47 ± 0.06, 0.31 ± 0.07 and 0.28 ± 0.04 V from MFCM-COOH, MFCM-OH, MFCCC and MFCS-
COOH, respectively. These results demonstrate that MWCNT/Poreflon as anode could shorten 
the startup time for the biofilm formation step. This might be explained by its high specific 
surface area, porosity and roughness of MWCNT material allowing enhanced microbial 
colonization and deep penetration of the substrate. Liang et al. (2011) demonstrated the 
decreasing in startup time from 130 h to 60 h by adding CNT powder at the concentration of 
4 mg/ml to the anode MFC chamber.   
 
Power density curves from MFCs operated with domestic wastewater at 2 months of 
operation are shown in Figure 5.6. MFCs with different anodes could be ranked as follows in 
terms of averaged Pmax (mW/m
2
): MFCM-OH (61 ± 10) > MFCM-COOH (50 ± 7) > MFCCC (25 ± 
4) > MFCS-COOH (20 ± 5). The Pmax attained could be maintained for a period of 4 months 

























Figure 5.6 Power density curves for MFCs operated with different anodes using domestic wastewater at 2 
months of operation. 
 
Afterwards, substrate was switched to synthetic acetate wastewater at acetate concentration of 
2 g/l. Polarization and power density curves obtained during steady power production stages 
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(at 6 months of operation) are shown in Figure 5.7. The performance of MFCs equipped with 
























































Figure 5.7 (A) Polarization curves (B) Power density curves for MFCs operated with different anodes using 
synthetic acetate wastewater.  
 
Table 5.8 Electrical MFC performance using various anodes and operated with synthetic acetate wastewater. 
 
Internal OCV Maximum






MFCCC 1.2±0.2 0.58±0.06 73±16
MFCS-COOH 0.7±0.1 0.46±0.04 67±10
MFCM-COOH 1.0±0.1 0.78±0.04 146±6
MFCM-OH 0.8±0.1 0.75±0.02 167±7
MFC
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The lowest internal resistance (.m2) was achieved from MFCS-COOH at 0.7 ± 0.1, followed by 
MFCM-OH (0.8 ± 0.1) and MFCM-COOH (1.0 ± 0.1) with MFCCC achieving the highest internal 
resistance at 1.2 ± 0.2. Thus, the internal resistances followed the trend of conductivity of 
anodes (Table 5.6). Overall, these values of internal resistance were quite high, but could be 
lowered with an improved MFC design, which is beyond the scope of this study. However, 
the improved structure of CNT anodes resulted in considerably improved OCV. OCV was 
higher with MWCNTs than with SWCNTs and the highest value obtained with MFCM-COOH 
(0.78 ± 0.04 V) and MFCM-OH (0.75 ± 0.02 V).  
 
Due to high OCV, MWCNTs generated higher Pmax than SWCNTS and the highest value of 
167 ± 7 mW/m
2 
was generated from MFCM-OH, followed by MFCM-COOH (146 ± 6 mW/m
2
) 
and MFCS-COOH (67 ± 10 mW/m
2
). The dramatic depletion of power density in SWCNT-
COOH-based anode could be explained by the morphology and density of CNT networks 
dispersed on Poreflon membrane. As the diameter and length of SWCNTs were lower than 
those of MWCNTs (5 nm VS 20 nm and 0.5 - 1.5 µm VS 10 - 30 µm, respectively), their 
distributions were denser and formed smoother surfaces than MWCNTs (Figure 5.1B). The 
looser network dispersion and rougher surfaces of MWCNT-based anodes provided greater 
spaces for bacteria to penetrate into the inner layers of MWCNTs (Figures 5.1C and 5.1D). 
This shows that the size, density and roughness of CNT networks coated on Poreflon 
membrane played a more important role than their conductivity. In addition, this was 
corroborated with FESEM images of the anodes after 9 months of MFC operation (Figure 
5.4). Less biofilm developed on anodes was observed from SWCNT/Poreflon compared to 
MWCNT/Poreflon. This might be explained by the toxic impact of SWCNT-COOH on 
biofilm formation and bacterial morphology on anodes, as supported by the results from 
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biocompatibility tests on E. coli (subsection 5.4.1.2 d). Therefore, SWCNT-COOH may not 
be suitable material to serve as anodes in MFCs.  
   
In comparison to MFCM-COOH, MFCM-OH exhibited almost 15% higher Pmax and this could be 
related to the higher specific surface area, pore volume and pore diameter of MWCNT-OH 
(Table 5.6); therefore, it provided larger surfaces for bacteria to growth on CNTs. Moreover, 
the -OH functional groups on MWCNT surfaces may have enhanced adhesion forces of 
hydrogen bonds between the bacterial cell walls and the surfaces of MWCNTs, and improved 
the substrate oxidation rate. A similar trend was reported by Xu and Logan (2006) who 
mentioned that OH-functionalized colloids produced higher adhesion forces to proteins 
(bovine serum albumin, lysozyme and poly-D-lysine) than COOH-functionalized colloids.  
 
Overall, in comparison with MWCNT/Poreflon anodes, control anode with plain carbon cloth 
displayed much poorer MFC performance. Pmax from MFCM-OH achieved approximately 
130% higher than that obtained from MFCCC. This could be due to its excellent specific 
surface area, large amounts of pores, large pore size, great curving surfaces and high 
conductivity of MWCNT-OH over carbon cloth. These properties could result in 
improvement of bacterial adhesion during reactor startup, efficiency of electron transfer from 
bacteria to the anode surfaces, efficiency of bacterial catalytic oxidation of substrates and 
efficiency of substrate transportation. 
 
MWCNT-OH/Poreflon as an anode exhibited the best MFC performance in terms of power 
generation. Compared to the literature (Table 4.8), the OCV from MWCNT-OH anode 
obtained in this study (0.75 V) was higher than that obtained with MWCNT-COOH anodes 
(Higgins et al., 2011; Qiao et al., 2007; Sun et al., 2010a; Tsai et al., 2009, Zou et al., 2008), 
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except when a hexacyanoferrate was used (Sharma et al., 2008). Again this can be related to 
the higher specific surface area, porosity, roughness and conductivity as well as stronger 
bonding between bacteria and anode of MWCNT-OH over MWCNT-COOH commonly used 
by others.  
 
5.4.2.2 Organic Removal Efficiency 
The COD, SS and acetate removal efficiencies and corresponding CE in average are 
summarized in Table 5.9.  
 
Table 5.9 Organic removal efficiencies using various anodes. 
 
COD SS   COD   Acetate   CE
removal  removal              removal removal   (%) 
(%) (%) (%) (%)                     
 MFCCC 56±8 58±6 65±7 95±4 6±2
 MFCS-COOH 68±5 66±4 79±4 97±1 24±4
 MFCM-COOH 69±3 69±4 86±4 97±2 18±3











The best performing MFC for all organic removal efficiencies was the MFCM-OH, achieving 
approximately 78 ± 3% COD removal efficiency and 72 ± 4% SS removal efficiency with 
domestic wastewater, and 89 ± 4% COD removal efficiency and 98 ± 1% acetate removal 
efficiency with synthetic acetate wastewater. The improvement of organic removal efficiency 
of MWCNT-OH over other anodes could again be explained by its high specific surface area, 
porosity, roughness and strong biocompatibility allowing enhanced colonization of bacteria 
on the anode and deep penetration of the substrate. On the other hand, the carbon cloth 
anodes were prone to clogging their pores from bacterial colonization due to low porosity, 
which could hinder substrate diffusion (Xie et al., 2011). In addition, the organic removal 
efficiencies of MFCM-OH in this study were competitive when compared to the published 
Chapter 5   Different types of CNT-based anodes to improve MFC performance 
Development of carbon nanotube-modified electrodes for microbial fuel cell application                                  134 
literature with conventional carbon anodes (e.g. carbon cloth, carbon paper, graphite rod and 
graphite granules) (Cheng et al., 2006c; Luo et al., 2010; Rodrigo et al., 2007; Yuan et al., 
2010). 
 
Better performance using acetate as compared to domestic wastewater has already been 
reported elsewhere making it a suitable substrate for electricity generation (Liu et al., 2005; 
Min and Logan; 2004; Rabaey and Verstraete, 2005). For the same reason, use of acetate 
resulted in higher CE than domestic wastewater and the highest CE was achieved with MFCM-
OH (32 ± 4%), more than 5 times higher than when using MFCCC (6 ± 2%). This can again be 
explained by the improved bacterial attachment and electron transfer on MWCNT-
OH/Poreflon. However, the low CE from all the MFCs indicates that the majority of the 
substrate was not utilized for power generation, as the main electron acceptor was not the 
anode but oxygen diffusing via the air-cathode as demonstrated widely by others (Fan et al., 
2007; Min and Logan, 2004). Therefore, air-cathode MFCs with the aid of a PEM or a barrier 
layer should be considered for our further study. 
 
5.4.2.3 Effect of HRT 
After 2 months of MFC operation with domestic wastewater, the influence of HRT on Pmax, 
COD removal efficiency and CE was investigated. All MFC reactors were operated with 
continuous flow mode using 5  resistor. The variation of HRT at 5, 7.5 and 10 h was 
achieved by varying the inward flow rate to the reactor. 
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Figure 5.8 Effect of HRT on Pmax for MFCs operated with different anodes using domestic wastewater. The 
HRT used at different time after 70 days of operation was marked in the figure. 
 
As shown in Figure 5.8, Pmax of all reactors decreased with the increase in HRT. For example, 
at HRT of 5 h, the Pmax (mW/m
2
) of MFCM-OH was about 70 ± 8 and then decreased to 58 ± 
10 at HRT of 7.5 h and dropped to 44 ± 7 at HRT of 10 h. It indicated that increasing the 
HRT decreased the electrical MFC performance. HRT might influence the microbial 
concentration in the MFC. At low HRT, the contact time between biofilm and substrate 
should be sufficient for biofilm to produce electrons and then transfer electrons to the anode. 
On the other hand, at long HRT the low Pmax could be explained by the large amount of dead 
microbes in substrate and on the anode, which might not produce electrons and also might 
hinder the proton movement (Wei et al., 2011b). A similar trend was reported in the literature 
(Sharma and Li, 2010).  
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Figure 5.9 Effect of HRT on COD removal efficiency for MFCs operated with different anodes using domestic 
wastewater.  
 
In terms of COD removal efficiency, the COD removal from all reactors increased with the 
increase in HRT (Figure 5.9). For example, at HRT of 5 h, the COD removal (%) of MFCM-
OH was 66 ± 5 and then increased to 78 ± 3 at HRT of 7.5 h and to 82 ± 5 at HRT of 10 h. The 
contact time between microbes and substrate should be long enough for biofilm to degrade 
substrate. A similar trend was shown by Lorenzo and co-workers (2010) who reported the 



















Figure 5.10 Effect of HRT on CE for MFCs operated with different anodes using domestic wastewater.  
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As shown in Figure 5.10, the CE from all reactors increased with the increase in HRT. For 
example, at HRT of 5 h, the CE (%) of MFCM-OH was 27 ± 3 and then increased to 32 ± 4 at 
HRT of 7.5 h and to 42 ± 5 at HRT of 10 h. The contact time between biofilm and substrate 
in solution should be sufficient for biofilm to produce and then transfer electrons to the anode 
surfaces. A similar trend was previously reported from Lorenzo et al. (2010) who 
demonstrated that the CE increased at 63, 44 and 7% with the increase in HRT at 446, 125 
and 12.5 min, respectively. 
 
Based on the results, the highest Pmax was obtained from HRT of 5 h; however, the highest 
COD removal efficiency and CE were obtained from HRT of 10 h. To compromise both the 
electrical performance and organic removal efficiency, HRT of 7.5 h was selected to operate 
in our MFC system.   
 
5.4.2.4 Effect of Acetate Concentration 
After inoculation was achieved, the substrate was switched to synthetic acetate wastewater. In 
this study, the MFCs were operated with 5  resistor using different acetate concentration 
varied from 0.1 to 2 g/l and HRT of 7.5 h was maintained. 
 
Figure 5.11 Effect of acetate concentration on Pmax for MFCs operated with different anodes using synthetic 
acetate wastewater. The acetate concentration used at different time after 120 days of operation was marked in 
the figure. 
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As depicted in Figure 5.11, the Pmax of all reactors increased with the increase in acetate 




of MFCM-OH was 64 ± 6 at acetate 
concentration of 0.1 g/l,
 
and then increased to 84 ± 7 at 0.5 g/l, to 102 ± 10 at 1 g/l, to 119 ± 8 
at 1.5 g/l and sharply increased to 167 ± 7 at 2 g/l. This might be explained by the fact that 
the high biodegradable substrates that can be utilized from microbes could provide and 
transfer more electrons to the anode (Sharma et al., 2010). At low acetate concentration, Pmax 
decreased due to the insufficient substrate. A similar trend was reported previously from Tsai 


























Figure 5.12 Effect of acetate concentration on COD removal efficiency for MFCs operated with different anodes 
using synthetic acetate wastewater.  
 
In terms of COD removal efficiency, it increased with the increase in acetate concentration 
(Figure 5.12). For example, at acetate concentration of 0.1 g/l, the COD removal (%) of 
MFCM-OH was 78 ± 5 and then gradually increased to 83 ± 4 at 0.5 g/l and to 84 ± 5 at 1 g/l 
and to 87 ± 5 at 1.5 g/l and to 89 ± 4 at 2 g/l. This could be explained that the high 
concentration of substrate should be sufficient for microbe growth and reproduction, and 
subsequently provided enough available microbes to degrade organic matter in substrate. A 
similar trend was also reported in the literature (Tsai et al., 2009).  
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Figure 5.13 Effect of acetate concentration on CE for MFCs operated with different anodes using synthetic 
acetate wastewater.  
 
As shown in Figure 5.13, the CE decreased with the increase in acetate concentration. For 
example, at acetate concentration of 0.1 g/l, the CE (%) of MFCM-OH was 61 ± 3 and then 
slowly decreased to 56 ± 4 at 0.5 g/l and to 42 ± 5 at 1 g/l and dropped to 37 ± 3 at 1.5 g/l and 
to 32 ± 4 at 2 g/l. This can be explained by the increased substrate oxidation more than 
electron generation from substrate degradation. Another reason might be related to slow 
substrate utilization due to high acetate concentration, resulting in more oxygen diffuse to the 
reactor. The higher acetate concentration, the longer time was needed to completely degrade 
the substrate. As the time increased, more oxygen could diffuse to the reactor causing aerobic 
removal of the substrate, resulting in reducing the CE (Sharma et al., 2010; Tsai et al. 2009). 
A similar trend was reported previously from Lorenzo et al. (2010) and Tsai et al. (2009).  
 
As a result, the highest Pmax and COD removal efficiency were obtained from acetate 
concentration of 2 g/l; however, the highest CE was obtained from concentration of 0.1 g/l. 
To compromise both the power generation and organic removal efficiency, the appropriate 
acetate concentration in this study was 2 g/l. 
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5.4.2.5 Effect of External Resistance 
The influence of external resistance on electricity generation and organic removal efficiency 
was investigated with synthetic acetate wastewater at acetate concentration of 2 g/l at HRT 







Figure 5.14 Effect of external resistance on Pmax for MFCs operated with different anodes using synthetic 
acetate wastewater. The external resistance used at different time after 190 days of operation was marked in the 
figure. 
 
As shown in Figure 5.14, Pmax of all reactors decreased with the increase in external 




of MFCM-OH was 
about 167 ± 7 and then decreased to 136 ± 8 at 10  and to 82 ± 5 at 100  and to 34 ± 4 at 
500  and dropped to 12 ± 3 at 1000 . At high external resistance, the electron transfer rate 
from microbes to anode surfaces might be limited, resulting in low power output. On the 
other hand, at low resistance the electrons from microbes might move more easily through 
the circuit due to high electron transfer rate, resulting in high power output (Catal et al., 2008; 
Mohan et al., 2008; Venkata et al., 2008). It indicated that increasing the external resistance 
decreased the electrical MFC performance. A similar trend was reported in the literature 
(Aelterman et al., 2008; Katuri et al., 2011; Mohan et al., 2008; Venkata et al., 2008).  
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Figure 5.15 Effect of external resistance on COD removal efficiency for MFCs operated with different anodes 
using synthetic acetate wastewater.  
 
In terms of COD removal efficiency, it decreased with the increase in external resistance 
(Figure 5.15). For example, at external resistance of 5 Ω, the COD removal efficiency (%) of 
MFCM-OH was 89 ± 4 and then slightly decreased to 87 ± 4 at 10 Ω and to 85 ± 3 at 100 Ω 
and to 83 ± 5 at 500 Ω and to 79 ± 3 at 1000 Ω. It indicated that increasing the external 
resistance insignificantly decreased the organic removal efficiency of MFC. This was related 
to high external resistance which should lead to low electron transfer rate, resulting in low 
energy generation for microbes to grow and reproduce, and subsequently lower degradation 
of organic matter in substrate (Katuri et al., 2011). In another reason, MFCs with different 
external resistances might provide different microbial species, resulting in different 
mechanisms for utilization of organic matter (Picioreanu et al., 2007). A similar trend was 
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Figure 5.16 Effect of external resistance on CE for MFCs operated with different anodes using synthetic acetate 
wastewater.  
 
As shown in Figure 5.16, the CE from all reactors decreased with the increase in external 
resistance. For example, at external resistance of 5 , the CE (%) of MFCM-OH was 32 ± 4 and 
then decreased to 24 ± 4 at 10  and to 20 ± 2 at 100  and to 17 ± 2 at 500  and finally to 
14 ± 3 at 1000 . This could be explained that the high external resistance might limit 
electron transfer rate from microbes to the anode, and from the anode to the circuit, resulting 
in reducing the CE. A similar trend was reported previously by Gil et al. (2003) who 
demonstrated that the coulomb decreased with the increase in external resistance from 10 to 
1000 . 
 
As a result, the highest Pmax, COD removal efficiency and CE were obtained from external 
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5.4.2.6 Cost Analysis 
The cost of anode materials used in this study was US$ 400/g for SWCNT-COOH, US$ 5.2/g 
for MWCNT-COOH and MWCNT-OH, US$ 270/m
2
 for Poreflon membrane and US$ 
1,000/m
2 
for plain carbon cloth. To fabricate each reactor, 60 mg of CNTs and 20 cm
2
 of 
carbon cloth or Poreflon membrane were utilized for anodes in this study. Therefore, 
MWCNT/Poreflon was found to be the most cost-effective anode at US$ 1/anode, twice 
lower than plain carbon cloth (US$ 2/anode) and 25 times lower than SWCNT/Poreflon (US$ 
25/anode). 
 
5.5    Summary 
1)  The optimum conditions to prepare CNTs/Poreflon with great dispersion stability and 
high conductivity were as follows: 
 For SWCNT-COOH/Poreflon: dispersion of SWCNT-COOH in DI water for 60 min. 
 For MWCNT-OH/Poreflon: dispersion of MWCNT-OH in 1% (v/v) SDS for 60 min. 
2) The CNTs/Poreflon, especially MWCNT-OH/Poreflon provided better anode qualities 
based on morphology and structure, roughness, conductivity, specific surface area, pore 
volume, pore diameter and mechanical property over the plain carbon cloth.  
3) MWCNT-COOH and MWCNT-OH materials ranging from 50 to 2000 mg/l in NB 
solution and from 10 to 400 mg/l on NB agar plates showed biocompatibility property with E. 
coli, while SWCNT-COOH exhibited an inhibitory effect with E. coli formation at the 
concentration of SWCNT-COOH ≥ 1000 mg/l in NB solution and ≥ 200 mg/l on NB agar 
plates. In addition, the FESEM images of E. coli growth clearly showed some severe 
damaged cells and morphological change of cells. Therefore, SWCNT-COOH may not be 
suitable to use as anode material in MFC.   
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4)   MFCM-OH exhibited the best MFC performance in terms of power generation and organic 
removal efficiency. Such reactor greatly enhanced the OCV of 0.75 ± 0.02 V of the system 
and displayed Pmax 2.3 times higher than the control set from MFCCC. The COD removal 
efficiency, acetate removal efficiency and CE on synthetic acetate wastewater were 
satisfactory at 89 ± 4%, 98 ± 1% and 32 ± 4%, respectively. In addition, MWCNT/Poreflon 
was the most cost-effective materials among other anodes.  
5)  MFC equipped with MWCNT/Poreflon anode showed better performance than 
SWCNT/Poreflon anode. This could be explained by the looser CNT network dispersion and 
rougher surface of MWCNT, resulting in improvement of microbial attachment and electron 
transfer capability. 
 6)  MFC equipped with MWCNT-OH/Poreflon anode showed better performance than 
MWCNT-COOH/Poreflon anode. This could be explained by the larger spaces for microbial 
growth and stronger adhesion forces between the bacterial cell walls and the surface of 
MWCNT-OH. 
7)  Increasing the HRT for domestic wastewater increased the COD removal efficiency and 
the CE, while the Pmax decreased. 
8)  Increasing the acetate concentration for synthetic wastewater increased the Pmax and the 
COD removal efficiency, while the CE decreased. 
9)  Increasing the external resistance for synthetic acetate wastewater decreased the Pmax, the 
COD removal efficiency and the CE.  
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DIFFERENT TYPES OF CNT-BASED CATHODES TO 
IMPROVE MFC PERFORMANCE 
 
6.1 Introduction 
As mentioned in Chapter 2, due to the slow rate of ORR at the cathode of an MFC, a 
catalyst is generally needed (Lu et al., 2011). The catalyst supporting material is an 
integral part of the cathode as it affects the long-term stability and catalyst 
performance (Shen et al., 2008; Zhang et al., 2011). The specific requirements of 
catalyst supports include high conductivity, specific surface area, corrosion resistance 
and capability to create anchoring sites with catalyst (Tang and Chen, 2004; Timur et 
al., 2007) and CNTs are promising candidates as a catalyst support and as a cathode 
material due to their outstanding properties (Qiao et al., 2007; Sharma et al., 2008). 
 
Pt is the most commonly used catalyst for ORR due to its excellent catalytic activity; 
however, commercial feasibility of Pt is limited because of its high cost and poor 
stability from poisoning (He and Angenent, 2006; Lu et al., 2011). As such, Pt load 
should be reduced or alternative catalysts should be investigated. To reduce the Pt 
load, a suitable catalyst loading method and catalyst supporting material are the 
important factors.  
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Au seems to be a good alternative to Pt due to its low reduction overpotential (Kargi 
and Eker, 2007), high catalytic activity (Bond and Thompson, 1999; Choudhary and 
Goodman, 2002) and high conductivity (Sun et al., 2010b). Compared to Pt, Au 
exhibits lower poisoning effect caused from adsorbed intermediates (Basu and Basu, 
2011). In addition, Au is 1.4 times cheaper than Pt (Kitco metal Inc., 2010). However, 
only one research group has proposed Au coated on copper wire to be served as a 
catalyst on the cathode in MFC system (Kargi and Eker, 2007) and no research studies 
have been reported the usage of Au catalysts on CNT supports in MFC.  
 
Various decoration methods of Pt and Au catalysts on a variety of supports have been 
reported from many research groups (Hsieh and Lin, 2009; Okumara et al., 1997; 
Phonthammachai and White, 2007; Sun et al., 2010b; Tang et al., 2011b; Wang et al., 
2004a). However, only a few research studies have been reported the decoration of Pt 
and Au on CNT supports (Chen et al., 2005; Guo and Li, 2004; Rabbani et al., 2009; 
Xing et al., 2004). In addition, some methods require specific and expensive 
equipment with complex and time-consuming procedure. Alternatively, deposition-
precipitation (DP) method is characterized by the precipitation of the active phase 
precursor on the surface of the supports acted as a nucleating agent, followed by 
electrostatic or crystallographic deposition whereas nucleation in the solution itself 
should be avoided (Haruta and Date, 2001). Generally, DP is the preferred decoration 
method for Au (Phonthammachai and White, 2007; Phonthammachai et al., 2008), but 
it has been scarcely used to prepare supported Pt catalyst (Chytil et al., 2009; Plomp et 
al., 2009). In addition, no research studies on DP method for Pt and Au on CNT 
supports have been reported. 
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6.2 Materials and Methods 
In this study, the impacts of the CNT nature (single- and multi- wall) with their 
functional groups (-COOH and -OH) as well as the catalysts (Pt and Au) with their 
load (0.5 and 1.0 mg/cm
2
) were investigated. Different types of CNTs with/without 
catalysts including SWCNT-COOH, MWCNT-COOH, MWCNT-OH, Pt/SWCNT-
COOH and Au/MWCNT-COOH were used to fabricate CNT-based cathodes by a 
filtration method on Poreflon membrane. In addition, plain carbon cloth and Pt-carbon 
cloth were used as control cathodes. 
 
DP method was used to decorate Pt and Au on SWCNT-COOH and MWCNT-COOH, 
respectively. The procedure used in this study was modified from the research studies 
used for Au decoration on silica sphere (Phonthammachai and White, 2007) and SiO2 
(Qian et al., 2010). Parameters affecting the DP method include amount of precursor, 
pH, refluxing temperature and refluxing time to the size and dispersion of Pt and Au 
nanocatalysts on CNTs, were systematically studied. To prepare Pt/SWCNT-COOH, 
60 mg of SWCNT-COOH were dispersed in 40 ml of DI water for 60 min. The 
homogeneous suspension was mixed with 25 ml of H2PtCl6.6H2O solution (1.5 and 3 
mM) used as Pt precursor, followed by progressive adding of precipitating agent 0.1 M 
NaOH until reaching suitable pH (5, 6, 7, 8, 9 and 10). The solution was then 
vigorously stirred under variations of reflux conditions (refluxing temperature at 65, 80 
and 95
o
C and refluxing time at 30, 60 and 120 min). A similar procedure was used to 
prepare Au/MWCNT-COOH, MWCNT-COOH was dispersed in 0.5% (v/v) Triton X-
100 before mixing with HAuCl4.3H2O solution (1.6 and 3.2 mM) at a suitable pH (4, 
5, 6, 7 and 8). The solution was then stirred under variations of refluxing temperature 
(50, 60, 70 and 80
o
C) and refluxing time (15, 30 and 45 min). Small and uniform 
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dispersion of Pt and Au on CNT surfaces were expected in order to improve the 
electrochemical activity. The quality of prepared Pt/SWCNT-COOH and 
Au/MWCNT-COOH was evaluated based on structure and composition of catalyst 
using XRD, EDX-TEM and EDX-FESEM. In addition, morphology and size 
distribution were measured using TEM. CNTs filter-coated on Poreflon membrane of 
SWCNT-COOH, MWCNT-COOH and MWCNT-OH were fabricated following the 
optimum conditions from Chapter 4 and 5. Additionally, Pt/SWCNT-COOH was 
dispersed in DI water while Au/MWCNT-COOH was dispersed in 0.5% (v/v) Triton 
X-100 for 60 min before filtration. 
 
Single-chamber air-cathode MFCs with PEM were constructed with a 1-cm deep path 
separating the anode from the cathode and having a total volume of 15 cm
3
. 
Commercial carbon cloth was used as anodes for all MFCs. All types of cathodes were 
hot pressed with Nafion served as a PEM and wet proof membrane. The apparent 
anode and cathode surface areas were 15 cm
2 
each. The performance of MFCs 
equipped with various types of CNT-based cathodes was observed based on power 
generation and organic removal efficiency. All reactors with different types of 
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SWCNT-COOH filter-coated on Poreflon membrane
MWCNT-COOH filter-coated on Poreflon membrane
MWCNT-OH filter-coated on Poreflon membrane
Commercial Pt-carbon cloth     






Plate 6.1 A photo of MFC system with different cathodes from various types of CNTs and catalysts.             
 
In order to facilitate the identification of our various CNT cathodes, SWCNT-COOH, 
MWCNT-COOH, MWCNT-OH, Pt/SWCNT-COOH with Pt load 0.5 mg/cm
2
, 
Pt/SWCNT-COOH with Pt load 1 mg/cm
2
, Au/MWCNT-COOH with Au load 0.5 
mg/cm
2
 and Au/MWCNT-COOH with Au load 1 mg/cm
2
 filtered on a Poreflon 
membrane will be referred to as SWCNT-COOH/Poreflon, MWCNT-COOH/Poreflon, 
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MWCNT-OH/Poreflon, Pt(0.5)/SWCNT-COOH/Poreflon, Pt(1)/SWCNT-COOH/ 
Poreflon, Au(0.5)/MWCNT-COOH/Poreflon and Au(1)/MWCNT-COOH/Poreflon, 
respectively, in the rest of this chapter. 
 
6.3 Objectives 
The main objectives of this study are as follows: 
1) To investigate and optimize parameters of DP method for decoration of Pt and 
Au nanocatalysts on SWCNT-COOH and MWCNT-COOH, respectively. 
2) To evaluate Pt/SWCNT-COOH and Au/MWCNT-COOH prepared from 
different DP conditions based on structure and composition as well as 
morphology and size distribution.  
3) To evaluate different types of cathodes based on morphology, conductivity, 
specific surface area and biocompatibility.   
4) To investigate the influences of CNT nature and their functional groups as well 
as types of catalyst and their load on cathodes based on MFC performance in 
terms of power generation and organic removal efficiency.  
 
6.4 Results and Discussions 
6.4.1 Cathode  
6.4.1.1 Cathode Preparation 
In order to select the suitable material that can improve ORR and electron transfer, 
nine different cathodes were prepared. A systematic study on decoration of Pt and Au 
nanocrystals on SWCNT-COOH and MWCNT-COOH will be discussed in the next 
section. 
 
Chapter 6   Different types of CNT-based cathodes to improve MFC performance 
  
Development of carbon nanotube-modified electrodes for microbial fuel cell application 152 
a) Decoration of Pt nanocrystals on SWCNT-COOH 
SWCNT-COOH was used as Pt support and as cathode material due to its excellent 
conductivity (136 ± 12 S/cm), high specific surface area (124 ± 14 m2/g), high pore 
diameter (3.3 ± 0.5 nm) and capability to disperse in DI water, as shown in Chapter 5. 
High conductivity may result in promoted electron transfer during ORR (Deng et al., 
2010; Wang et al., 2011a). High specific surface area with plenty of mesopores is 
expected to provide more spaces to support a great number of nanocatalysts and more 
exposed areas for ORR (Kim et al., 2011; Wang et al., 2011a), while high pore size 
may support penetration of catalysts into the inner parts of the CNT network (Tang et 
al., 2011b). In addition, -COOH functional groups on SWCNT surfaces were served as 
metal-anchoring sites and provided strong attraction forces between catalysts and 
SWCNTs, resulting in high catalyst dispersion (Chien and Jeng, 2006; Tang et al., 
2011b).  
 
Figure 6.1 TEM image of SWCNT-COOH dispersed in DI water. 
 
Figure 6.1 shows the TEM image of SWCNT-COOH dispersed in DI water with a 
well-defined tube structure at outside diameter ranging from 15 to 25 nm. To enhance 
the catalytic activity from small and uniform dispersion of platinum nanocrystals on 
SWCNTs, DP parameters of pH, refluxing time, refluxing temperature and Pt 
precursor concentration were optimized.  
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The spherical shaped platinum nanocrystals on SWCNT surfaces with histograms of 
size distribution under different pH are shown in Figure 6.2. The light grey coloured 
substrates were SWCNT-COOH, while black dots were scattered platinum 
nanocrystals. The lowest dispersion of chloro platinum complexes (0.8 nm) was 
obtained at pH 5 during hydrolysis of H2PtCl6.6H2O (Figures 6.2A and 6.2B). When 
the pH was raised to 6 and 7 (Figures 6.2C and 6.2D (pH 6), 6.2E and 6.2F (pH 7)), 
chloro hydroxo platinum complexes were formed with high dispersion (0.9 and 1.7 
nm, respectively). At pH 8, optimal pH for surface nucleation, hydroxo platinum 
complexes (2.2 nm) with highest uniform dispersion were observed (Figures 6.2G and 
6.2H). At pH 9 and 10 (Figures 6.2I, 6.2J, 6.2K and 6.2L), electrostatic repulsion 
between the SWCNT surfaces and hydroxo platinum complexes (4 nm at pH 9) 
resulted in poor dispersion with large platinum aggregates, which may be easily 
detached from SWCNT supports.  
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Figure 6.2 TEM images and particle size distributions of Pt/SWCNT-COOH from different pH, with 
refluxing temperature of 80
o
C, refluxing time of 60 min and concentration of H2PtCl6.6H2O precursor of 
1.5 mM. 
(A, B) 5  (C, D) 6  (E, F) 7   (G, H) 8  (I, J) 9  (K, L) 10 
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As the volume to weight ratio of platinum nanocrystals is the important parameter to 
assess the catalytic activity, the variation of refluxing time with respect to crystal 
growth after nucleation was studied at optimal pH of 8 (Figure 6.3). It was found that 
longer reaction time (30, 60 and 120 min) yielded larger platinum nanocrystals with 
higher dispersion (from 1.1, 2.2 to 7 nm) from the formation of separated colloidal 
platinum clusters. Moreover, when the platinum complexes were reduced 
preferentially on the nucleated colloidal platinum, rather than the SWCNT surfaces, 
large clusters resulted.  
 
Figure 6.3 TEM images and particle size distributions of Pt/SWCNT-COOH from different refluxing 
time (min), with pH at 8, refluxing temperature of 80
o
C and concentration of H2PtCl6.6H2O precursor of 
1.5 mM. 
(A, B) 30   (C, D) 60  (E, F) 120 
Chapter 6   Different types of CNT-based cathodes to improve MFC performance 
  
Development of carbon nanotube-modified electrodes for microbial fuel cell application 156 
To evaluate the influence of refluxing temperature, the temperature was adjusted to 65, 
80 and 95
o
C (Figure 6.4). In this study, at low temperature of 65
o
C the reaction 
proceeded very slowly, less platinum deposition with some platinum agglomerates 
appeared (Figures 6.4A and 6.4B). At 80
o
C (Figures 6.4C and 6.4D), platinum 
nanocrystals with highly uniform dispersion were formed (2.2 nm) while lager crystal 
size was obtained from 95
o
C (4.4 nm) (Figures 6.4E and 6.4F). This could be due to 
the fact that high dispersion of platinum nanocrystals occured when the rate of 
nucleation was high and crystal growth was low, a situation favoured when the 
reaction temperature was raised (Chiang et al., 2004). 
 
Figure 6.4 TEM images and particle size distributions of Pt/SWCNT-COOH from different refluxing 
temperature (
o
C), with pH at 8, refluxing time of 60 min and concentration of H2PtCl6.6H2O precursor 
of 1.5 mM. 
(A, B) 65   (C, D) 80  (E, F) 95 
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With optimal pH at 8, refluxing time of 60 min and refluxing temperature of 80
o
C, the 
concentration of H2PtCl6.6H2O precursor was increased from 1.5 to 3 mM to obtain Pt 
load at 0.5 and 1 mg/cm
2
, respectively (Figure 6.5). The highly uniform dispersion of 
platinum nanocrystals without any clusters was observed from both concentrations. 
However, higher amount of Pt precursor (1.5 and 3 mM) (Figures 6.5A and 6.5C) 
yielded lesser and larger platinum nanocrystals (from 2.2 to 2.8 nm) (Figures 6.5B and 
6.5D). Lowering the amount of catalyst was a means for reducing MFC cost (Lefebvre 
et al., 2009). Small nanocatalyst size may result in more available surface area for 
ORR and more mass activity of catalyst, resulting in enhanced catalytic activity (Nagle 
and Rohan, 2008).  
 
Figure 6.5 TEM images and particle size distributions of Pt/SWCNT-COOH from different 
concentration of H2PtCl6.6H2O precursor (mM), with pH at 8, refluxing temperature of 80
o
C and 
refluxing time of 60 min. 
(A, B) 1.5   (C, D) 3  
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The optimal DP conditions for decoration of platinum on SWCNT surfaces that 
provided small size (2.2 nm) and uniform dispersion of platinum nanocrystals are 
shown in Table 6.2.  
 
Table 6.2 The optimal DP conditions for preparation of Pt/SWCNT-COOH. 
Parameters Conditions





Refluxing time (min) 60  
 
These conditions were used to prepare Pt(0.5)/SWCNT-COOH/Poreflon with Pt load 
of 0.5 mg/cm
2
. In addition, these conditions, with the concentration of H2PtCl6.6H2O 
at 3 mM were used to prepare Pt(1)/SWCNT-COOH/Poreflon with Pt load of 1 
mg/cm
2
. It is worthy to note that this was the first study to achieve small and highly 
active platinum nanocrystals on SWCNT-COOH using simple, cost-effective and time-
saving DP method. In addition, the average size of platinum nanocrystal (2.2 nm) in 
this study was competitive when compared to those platinum on CNTs from 
impregnation (Li and Hsing, 2006; Niu and Wang, 2008; Rajalakshmi et al., 2005; 
Sharma et al., 2008; Yoshihashi et al., 2002), sonochemical technique (Xing et al., 
2004, Yang et al., 2006) and sputtering (Gruber et al., 2005; Tang et al., 2011b).  
 
b) Decoration of Au nanocrystals on MWCNT-COOH 
MWCNT-COOH was used as Au support and as cathode material due to its excellent 
specific surface area (148 ± 11 m
2
/g), high conductivity (91 ± 13 S/cm) and high pore 
diameter (3.6 ± 0.4 nm), as shown in Chapter 5.  
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Figure 6.6 TEM image of MWCNT-COOH in 0.5% (v/v) Triton X-100. 
 
Figure 6.6 shows the TEM image of MWCNT-COOH dispersed in 0.5% (v/v) Triton 
X-100 with a hollow-centered structure with outside diameter ranging from 60 to 80 
nm that provided board contact areas for gold nanocrystals. Small size and uniform 
distribution of gold nanocrystals on MWCNTs were preferred to attribute high 
catalytic activity. The influential parameters, namely pH, refluxing time, refluxing 
temperature and Au precursor concentration were discussed.  
 
The spherical shaped gold nanocrystals on MWCNT surfaces with histograms of size 
distribution under different pH are shown in Figure 6.7. The light grey coloured 
substrates were MWCNT-COOH, while black dots were scattered gold nanocrystals. 
At pH 4, AuCl3(H2O) was the dominating neutral gold species and only little gold 
deposition with infrequent occurrences of large crystals of [AuCl4]
-
 (5 nm) was 
observed (Figures 6.7A and 6.7B). When the pH was raised to 5, the concentration of 
[AuClx(OH)4-x]
-
 (x = 1 - 3) was formed leading to higher gold dispersion with well 
developed facets (2 nm) (Figures 6.7C and 6.7D). At pH 6, [Au(OH)4]
-
 was prevalent 
and optimal for surface nucleation, leading to small gold nanocrystals (3.5 nm) and 
highly uniform dispersion (Figures 6.7E and 6.7F). At pH 7 and 8, MWCNT surfaces 
carried a net negative charge, electrostatic repulsion between the surface of MWCNTs 
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and [Au(OH)4]
- 
resulted in larger size and lower dispersion of gold nanocrystals with 
many gold clusters (Figures 6.7G and 6.7H, respectively). 
 
 
Figure 6.7 TEM images and particle size distributions of Au/MWCNT-COOH from different pH, with 
refluxing temperature of 60
o
C, refluxing time of 30 min and concentration of HAuCl4.3H2O precursor of 
1.6 mM. 
(A, B) 4  (C, D) 5  (E, F) 6   (G) 7  (H) 8   
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It is known that the gold species in HAuCl4.3H2O solution change according to the pH, 




 and the adsorption of 
chloride on the MWCNTs (Phonthammachai and White, 2007; Phonthammachai et al., 
2008; Souza et al., 2008). [Au(OH)4]
-
 is usually considered as the gold species 
deposited on the support surface by the DP method. Hydrolysis reactions of HAuCl4 









































The effect of refluxing time of 15, 30 and 45 min with respect to crystal growth after 
nucleation was studied at pH 6 (Figure 6.8). The smallest gold nanocrystal size (2 nm) 
was obtained at the shortest refluxing time at 15 min, progressively increasing at 30 
min (3.5 nm) and 45 min (4 nm) through gold crystal growth. In addition, low gold 
deposition was shown at 15 min (Figure 6.8A), while large gold aggregates were 
formed at 45 min (Figure 6.8E).   
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Figure 6.8 TEM images and particle size distributions of Au/MWCNT-COOH from different refluxing 
time (min), with pH at 6, refluxing temperature of 60
o
C and concentration of HAuCl4.3H2O precursor of 
1.6 mM. 
(A, B) 15   (C, D) 30  (E) 45   
 
The influence of refluxing temperature was investigated at 50, 60, 70 and 80
o
C (Figure 
6.9). At low temperature of 50
o
C, the reaction slowly proceeded, less gold formation 
was found (Figures 6.9A and 6.9B). At 60
o
C, gold nanocrystals with high uniform 
dispersion was formed (3.5 nm) (Figures 6.9C and 6.9D), while poorly active large 
gold clusters obtained from 70
o
C (5 nm) (Figures 6.9E and 6.9F) and 80
o
C (Figure 
6.9G).   
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Figure 6.9 TEM images and particle size distributions of Au/MWCNT-COOH from different refluxing 
temperature (
o
C), with pH at 6, refluxing time of 30 min and concentration of HAuCl4.3H2O precursor 
of 1.6 mM. 
(A, B) 50   (C, D) 60  (E, F) 70                          (G) 80 
 
With optimal pH at 6, refluxing time of 30 min and refluxing temperature of 60
o
C, the 
concentration of HAuCl4.3H2O precursor was increased from 1.6 of 3.2 mM to obtain 
Au load at 0.5 and 1 mg/cm
2
, respectively (Figure 6.10). The small size (3.5 nm) and 
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uniform dispersion of gold nanocrystals were obtained from low concentration of Au 
precursor (Figures 6.10A and 6.10B), while large gold nanocrystals (20 nm) with some 
gold aggregations which reduced catalytic activity were formed from high 
concentration of Au precursor (Figure 6.10C).  
 
Figure 6.10 TEM images and particle size distributions of Au/MWCNT-COOH from different 
concentration of HAuCl4.3H2O precursor (mM), with pH at 6, refluxing temperature of 60
o
C and 
refluxing time of 30 min. 
(A, B) 1.6   (C) 3.2 
 
The optimal DP conditions for decoration of Au on MWCNT surfaces that provided 
small size (3.5 nm) and uniform dispersion of gold nanocrystals are shown in Table 
6.3.  
Table 6.3 The optimal DP conditions for preparation of Au/MWCNT-COOH. 
Parameters Conditions





Refluxing time (min) 30  
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These conditions were used to prepare Au(0.5)/MWCNT-COOH/Poreflon with Au 
load of 0.5 mg/cm
2
. In addition, these conditions with high concentration of HAuCl4 at 
3.2 mM were used to prepare Au(1)/MWCNT-COOH/Poreflon with Au load of 1 
mg/cm
2
. It is worthy to note that this was the first study to achieve small and highly 
active gold nanocrystals on MWCNT-COOH using DP method. In addition, the 
average size of gold nanocrystal (3.5 nm) in this study was competitive when 
compared to those gold on CNTs from impregnation (Jafri et al., 2009; Rabbani et al., 
2009; Shi et al., 2009), co-precipitation (Reddy et al., 2009), and sputtering 
(Alexeyeva et al., 2010).  
 
6.4.1.2 Catalyst Characterization 
a) Pt/SWCNT-COOH 
The XRD patterns of SWCNT-COOH and Pt/SWCNT-COOH are illustrated in Figure 
6.11.  
 
Figure 6.11 XRD spectrums: (A) SWCNT-COOH; and (B) Pt/SWCNT-COOH. 
 
The peaks at 2 = 26.48o, 44.56o and 51.95o could be attributed to the diffractions of 
the (002), (100) and (004) planes of the hexagonal structure of graphite. Those 
 A) 
 B) 
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appearing at 2 = 38.46o, 44.72o, 65.06o, 78.18o and 82.42o indicated five characteristic 
Pt reflections corresponding to the (111), (200), (220), (311) and (222) planes. As 
such, it exhibited that Pt nanocrystals were deposited on SWCNT surfaces and the 
crystallite planes correspond to a face-centered cubic lattice structure of the Pt 
nanocrystals. The average particle size of the deposited Pt nanocrystal was calculated 
to be 4 nm from the (111) peak in terms of the Scherrer’s equation. Similar XRD 
patterns of Pt and SWCNT-COOH were reported from the literature (Basu and Basu, 
2011; Hsieh and Lin, 2009; Li et al., 2003; Niu and Wang, 2008; Xing et al., 2004). 
 
The EDX-TEM (Figure 6.12) and EDX-FESEM (Figure 6.13) spectrums showed the 
presence of SWCNTs and respective Pt nanocrystals, indicating the successful 
decoration of Pt nanocrystals on SWCNTs. In addition, the high intensity peaks 
substantiated the high loading. From EDX-TEM spectrums, the presence of Cu 
corresponded to Cu grid used for the TEM, while O peak was from adsorption of 
atmospheric oxygen by carbon. From EDX-FESEM (Figure 6.13), the presence of Ni 
might be from Ni catalyst used for SWCNT-COOH production.     
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Figure 6.12 EDX-TEM spectrums: (A) SWCNT-COOH; and (B) Pt/SWCNT-COOH. 
 
 
Figure 6.13 EDX-FESEM spectrums: (A) SWCNT-COOH; and (B) Pt/SWCNT-COOH.  
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b) Au/MWCNT-COOH 
The XRD patterns of MWCNT-COOH and Au/MWCNT-COOH are illustrated in 




































Figure 6.14 XRD spectrums: (A) MWCNT-COOH; and (B) Au/MWCNT-COOH. 
 
The peaks at 2 = 26.45o, 44.56o and 51.92o could be attributed to the diffractions of 
the (002), (100) and (004) planes of the hexagonal structure of graphite. Those 
appearing at 2 = 38.08o, 44.22o, 64.56o and 77.74o indicated four characteristic Au 
reflections corresponding to (111), (200), (220) and (331) the planes. As such, it 
demonstrated that Au nanocrystals were deposited on MWCNT surfaces and presented 
in a face-centered cubic lattice structure of the Au nanocrystals. The average particle 
size of the deposited Au catalysts was calculated to be 3.4 nm from the (111) peak in 
terms of the Scherrer’s equation. Similar XRD patterns of Au and MWCNT-COOH 
were reported from the literature (Reddy et al., 2009; Santhosh et al., 2006). 
 
The EDX-TEM (Figure 6.15) and EDX-FESEM (Figure 6.16) spectrums demonstrated 
the existance of respective Au nanocrystals and MWCNTs, indicating the successful 
 A) 
 B) 
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decoration of Au nanocrystals on MWCNTs. In addition, the presence of Fe could be 
from Fe catalyst used during MWCNT-COOH synthesis (Figure 6.16).     
 
Figure 6.15 EDX-TEM spectrums: (A) MWCNT-COOH; and (B) Au/MWCNT-COOH. 
 
Figure 6.16 EDX-FESEM spectrums: (A) MWCNT-COOH; and (B) Au/MWCNT-COOH. 
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6.4.1.3 Cathode Characterization 
a) Cathode Morphology 
The surface morphological images of all types of cathodes, as observed by SEM and 
FESEM, are shown in Figure 6.17. The smooth and straight cylindrical shaped fibres 
from plain carbon cloth were demonstrated in Figure 6.17A. All CNT-based cathodes 
clearly showed a uniform dispersion of highly entangled three-dimensional CNT 
networks (Figures 6.17C, 6.17D, 6.17E, 6.17F, 6.17G, 6.17H and 6.17I), which might 
support the deposition of nanocatalyst and serve as nanowires to facilitate electron 
transfer (Li et al., 2010; Wang et al., 2011a, Zhang et al., 2011). In addition, this 
structure might improve the transition catalytic activity due to its impact on the three-
phase ORR (Lefebvre et al., 2012). The deposited Pt and Au nanocrystals showed up 
in the FESEM images as small bright dots along CNT networks (Figures 6.17F and 
6.17H). More dots of nanocrystals were obtained when concentrations of Pt and Au 
precursors increased (Figures 6.17G and 6.17I). On the other hand, aggregated Pt 
catalysts with a wide particle size ranging from 10 to 100 nm were randomly and 
densely dispersed on the surfaces of commercial Pt-carbon cloth (Figure 6.17B). 
Again, smaller size and more uniform dispersion of nanocatalyst could provide higher 
catalytic activity (Nagle and Rohan, 2008). 
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Figure 6.17 SEM image of cathode (900x magnification): (A) carbon cloth and FESEM images of Pt-
carbon cloth and CNT-based cathodes (50,000x magnification): (B) Pt-carbon cloth; (C) SWCNT-
COOH/Poreflon; (D) MWCNT-COOH/Poreflon; (E) MWCNT-OH/Poreflon; (F) Pt(0.5)/SWCNT-
COOH/Poreflon; (G) Pt(1)/SWCNT-COOH/Poreflon; (H) Au(0.5)/MWCNT-COOH/Poreflon, and (I) 
Au(1)/MWCNT-COOH/Poreflon. 
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b) Cathode Characterization 
The cathode conductivity and specific surface area are shown in Table 6.4. In 
comparison to CNT-based cathodes, the control cathode using plain carbon cloth and 
Pt-carbon cloth displayed lower conductivity and specific surface area.  
 
Table 6.4 Electrical conductivity and specific surface area of various types of cathodes. 
 






Carbon cloth 48±7 60±6










           a
Measured from anode material. 
 
Room temperature conductivity of the cathodes could be ranked as follows (S/cm): 
Pt(1)/SWCNT-COOH/Poreflon (171 ± 10), Pt(0.5)/SWCNT-COOH/Poreflon (170 ± 
12), Au(1)/MWCNT-COOH/Poreflon (142 ± 11), Au(0.5)/MWCNT-COOH/Poreflon 
(140 ± 9), SWCNT-COOH/Poreflon (136 ± 12), MWCNT-OH/Poreflon (103 ± 8), 
MWCNT-COOH/Poreflon (91 ± 13), Pt-carbon cloth (62 ± 5) and carbon cloth (44 ± 
7). From CNT-based cathodes, the higher conductivity of SWCNTs as compared to 
MWCNTs can be directly related to higher degree of entanglement (Figures 6.17C, 
6.17D and 6.17E). Compared to CNT-based cathode without catalyst, CNT-based 
cathodes with Pt and Au catalysts exhibited higher conductivity. This might be related 
to the process of DP method might influence the morphology and structure of CNTs 
(Figures 6.17F, 6.17G, 6.17H and 6.17I), resulting in increasing conductivity. In 
addition, the dispersion of nanocatalysts over the CNT surfaces may directly result in a 
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high conductivity of cathode (Zhang et al., 2011). High conductivity of cathodes may 
result in enhanced electron transfer capability during ORR, and is essential in 
improving the electrical performance of MFC (Deng et al., 2010; Wang et al., 2011a). 
 
In terms of specific surface area, MWCNT-OH exhibited the highest specific surface 
area (m
2
/g) at 188 ± 15, followed by MWCNT-COOH (148 ± 11), SWCNT-COOH 
(124 ± 14), Au(1)/MWCNT-COOH/Poreflon (116 ± 12), Au(0.5)/MWCNT-
COOH/Poreflon (113 ± 11), Pt(1)/SWCNT-COOH/Poreflon (99 ± 12), 
Pt(0.5)/SWCNT-COOH/Poreflon (97 ± 10), Pt-carbon cloth (62 ± 4) and carbon cloth 
(60 ± 6). All CNT cathode materials displayed high specific surface area, which 
allowed more nanocatalysts to be deposited, resulting in an increased ORR activity 
(Birry et al., 2011; Wang et al., 2011a). In addition, high specific surface area is 
expected to enhance more exposed areas for oxygen absorption and for electron 
acceptance and for overall ORR at the cathode (Kim et al., 2011; Li et al., 2010).  
 
c) Biocompatibility  
Pt/SWCNT-COOH and Au/MWCNT-COOH at a concentration ranging from 10 to 
400 mg/l were added to NB agar before solidification. After incubation, E. coli 
colonies could be observed in all areas of agar plates, which included around and on 
fine CNT powders. As shown in Figure 6.18, the E. coli concentration on NB agar 
showed no significant deviation from the control up to 400 mg/l of Au/MWCNT-
COOH on NB agar plates indicating an absence of toxicity on E. coli. However, 
Pt/SWCNT-COOH ≥ 200 mg/l inhibited the growth of E. coli with a cell concentration 
27% lower than the control at 400 mg/l of Pt/SWCNT-COOH. This might be due to 
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the increase in amount of Pt catalysts and SWCNTs which may have a direct impact 
on bacterial toxicity.  
 
Figure 6.18 E. coli concentration (CFU/ml) after an incubation period of 20 h at 37
o
C in the presence of 
Pt/SWCNT-COOH and Au/MWCNT-COOH on NB agar plates.  
 
These conclusions were corroborated with FESEM observations of the 
Au(0.5)/MWCNT-COOH/Poreflon and Pt(0.5)/SWCNT-COOH/Poreflon cathodes 
after 5 months of MFC operation (Figure 6.19).  
 
Figure 6.19 FESEM images of microbial growth on different CNT-based cathodes after 5 months of 
MFC operation (5,000x magnification): (A) Pt(0.5)/SWCNT-COOH/Poreflon; and (B) 
Au(0.5)/MWCNT-COOH/Poreflon. 
 
More biofilm developed on cathode was observed from Au(0.5)/MWCNT-
COOH/Poreflon (Figure 6.19B) compared to Pt(0.5)/SWCNT-COOH/Poreflon (Figure 
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6.19A). The results suggested that Au/MWCNT-COOH was more biocompatible than 
Pt/SWCNT-COOH. This is important since biofilm formation at the cathode has 
impacts on long-term power generation in an MFC (Kiely et al., 2011). The cathodes 
produced must be able to support less biofilm growth. 
 
6.4.2 MFC Performance  
The performance of MFCs equipped with various CNT-based cathodes was evaluated 
based on electrical performance and organic removal efficiency. The performance of 
these MFCs was compared against those using plain carbon cloth and Pt-carbon cloth. 
Nine MFC reactors operated with the following configurations: (MFCcc) carbon cloth 
as a cathode; (MFCS-COOH) SWCNT-COOH/Poreflon as a cathode; (MFCM-COOH) 
MWCNT-COOH/Poreflon as a cathode; (MFCM-OH) MWCNT-OH/Poreflon as a 
cathode; (MFCPt-cc) Pt-carbon cloth as a cathode; (MFCPt(0.5)/CNT) Pt(0.5)/SWCNT-
COOH/Poreflon as a cathode; (MFCPt(1)/CNT) Pt(1)/SWCNT-COOH/Poreflon as a 
cathode; (MFCAu(0.5)/CNT) Au(0.5)/MWCNT-COOH/Poreflon as a cathode and 
(MFCAu(1)/CNT) Au(1)/MWCNT-COOH/Poreflon as a cathode. In all cases, plain carbon 
cloth was used as anode materials. All reactors were operated in duplicate with a 
continuous flow rate of 35 µl/min (HRT of 7 h) at room temperature (30 ± 2
o
C). An 
initial COD concentration of 260 mg/l
 





synthetic acetate wastewater were used.  
 
6.4.2.1 Electrical Performance  
Power density curves from MFCs operated with domestic wastewater at 2 months of 
operation are shown in Figure 6.20.  
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Figure 6.20 Power density curves for MFCs operated with different cathodes using domestic wastewater 
at 2 months of operation. 
 
MFCs with different cathodes could be ranked as follows in terms of averaged Pmax 
(mW/m
2
): MFCPt-cc (62 ± 7) > MFCPt(1)/CNT (58 ± 8) > MFCAu(1)/CNT (50 ± 6) > 
MFCPt(0.5)/CNT (46 ± 6) > MFCAu(0.5)/CNT (41 ± 5) > MFCS-COOH (38 ± 4) > MFCM-OH (32 
± 4) > MFCM-COOH (25 ± 3) > MFCcc (17 ± 3). The Pmax attained could be maintained 
for a period of 2 months with domestic wastewater.  
 
After 2 months, the substrate was switched to synthetic acetate wastewater at an 
acetate concentration of 2 g/l. Polarization and power density curves obtained during 
steady power production stages (at 5 months of operation) are shown in Figure 6.21. 
The performance of MFCs equipped with various cathodes shown in averaged values 
is summarized in Table 6.5.  
 
 
Chapter 6   Different types of CNT-based cathodes to improve MFC performance 
  




Figure 6.21 (A) Polarization curves (B) Power density curves for MFCs operated with different cathodes 
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Table 6.5 Electrical MFC performance using various cathodes and operated with                                    
synthetic acetate wastewater. 
 
Internal OCV Maximum






MFCcc 0.8±0.1 0.26±0.03   30±4
MFCPt-cc 0.5±0.1 0.66±0.06 270±13
MFCS-COOH 0.6±0.1 0.45±0.04   89±10
MFCM-COOH 0.6±0.1 0.32±0.04   43±4
MFCM-OH 0.6±0.1 0.39±0.03   65±5
MFCPt(0.5)/CNT 0.3±0.1 0.50±0.06  172±9
MFCPt(1)/CNT 0.3±0.1 0.63±0.05  261±12
MFCAu(0.5)/CNT 0.4±0.1 0.47±0.04  118±8




In comparison with cathodes without catalyst, cathodes with Pt or Au catalysts 
displayed highly electrical MFC performance (Table 6.5) and this could be directly 
related to catalyst deposited on supporting materials which decreased the activation 
energy barrier and improved the kinetics of ORR at the cathode surfaces (Rismani-
Yazdi et al., 2008).  
 
The lowest internal resistance (.m2) was achieved from MFCPt/CNT at 0.3 ± 0.1, 
followed by MFCAu/CNT (0.4 ± 0.1), MFCPt-cc (0.5 ± 0.1) and MFCCNT (0.6 ± 0.1) with 
MFCcc achieving the highest internal resistance at 0.8 ± 0.1. As such, the internal 
resistances followed the trend of conductivity of cathodes (Table 6.4). All MFCs 
equipped with prepared Pt/SWCNT-COOH and Au/MWCNT-COOH cathodes had 
lower internal resistance than MFCPt-cc. Overall, these values of internal resistance 
were quite low compared to the results from Chapters 4 and 5. This was related to the 
new reactor design with narrower distance between anode and cathode (1 cm) in this 
study, which could lower the internal resistance of MFC system.  
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Compared among MFCs equipped with cathodes without catalyst, MFCCNT exhibited 
higher OCV (V) than MFCcc (0.26 ± 0.03) and the highest value of 0.45 ± 0.04 was 
generated from MFCS-COOH, followed by MFCM-OH (0.39 ± 0.03) and MFCM-COOH (0.32 
± 0.04). The same trend could be seen for the Pmax (mW/m
2
):  MFCS-COOH (89 ± 10) > 
MFCM-OH (65 ± 5) > MFCM-COOH (43 ± 4) > MFCcc (30 ± 4). Overall, in comparison 
with CNT-based cathode, control anode with plain carbon cloth displayed much poorer 
MFC performance, which Pmax from MFCS-COOH achieved approximately 196% higher 
than that obtained from MFCcc. This could be due to excellent conductivity, high 
specific surface area and three-dimensional network structure of SWCNT-COOH, 
which enhanced active spaces for ORR and improved electron transfer capability (Li et 
al., 2010; Wang et al., 2011a).  
 
From MFCs equipped with cathodes with Pt or Au catalysts, MFCPt-cc exhibited the 
highest OCV value (V) of 0.66 ± 0.06, followed by MFCPt(1)/CNT (0.63 ± 0.05), 
MFCAu(1)/CNT (0.54 ± 0.05), MFCPt(0.5)/CNT (0.50 ± 0.06) and MFCAu(0.5)/CNT (0.47 ± 
0.04). The same trend could be seen for the Pmax (mW/m
2
): MFCPt-cc (270 ± 13) > 
MFCPt(1)/CNT (261 ± 12) > MFCAu(1)/CNT (186 ± 11) > MFCPt(0.5)/CNT (172 ± 9)  > 
MFCAu(0.5)/CNT (118 ± 8). In comparison to MFCPt(1)/CNT, MFCPt-cc exhibited only 5 and 
3%  higher OCV and Pmax and this could be related to the higher density of deposited 
Pt catalysts on carbon cloth of Pt-carbon cloth (Figure 6.17B). At the same Pt load of 
0.5 mg/cm
2
, MFCPt-cc displayed 56% higher Pmax than MFCPt(0.5)/CNT, which might be 
due to the loss of some small Pt nanocrystals during DP method and filtration method. 
With increasing Pt load from 0.5 to 1 mg/cm
2
, Pmax of MFCPt/CNT increased almost 
52%. Therefore, density of Pt catalysts directly improved on electrical MFC 
performance.  
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With alternative gold catalyst, MFCAu(0.5)/CNT and MFCAu(1)/CNT exhibited  
approximately 290 and 520% higher Pmax than MFCcc. In addition, the OCV (V) from 
MFCAu(0.5)/CNT (0.47 ± 0.04) and MFCAu(1)/CNT (0.54 ± 0.05) was close to that obtained 
from MFCPt-cc (0.66 ± 0.06). The slightly lower OCV from MFCAu(0.5)/CNT and 
MFCAu(1)/CNT compared to MFCPt-cc might be due to the nature of Au, which had higher 
reduction overpotential than Pt itself (Basu and Basu, 2011). In addition, Pmax of 
MFCAu/CNT also enhanced almost 58% with increasing Au load from 0.5 to 1 mg/cm
2
. 
Based on the results, Au could be viewed as promising alternative catalysts for ORR in 
future MFC application.  
 
Compared to literature (Table 6.6), the OCV and Pmax from MFC with Pt/SWCNT-
COOH (0.63 V, 261 mW/m
2
) and Au/MWCNT-COOH (0.54 V, 186 mW/m
2
) at 
catalyst load of 1 mg/cm
2
 obtained from DP method in this study were higher than 
those obtained from other deposition methods reported by Deng et al. (2010), Lu et al. 
(2011), Tsai et al. (2009), Yuan et al. (2011) and Zhang et al. (2011). This could be 
related to improved catalytic activity from the small and uniform dispersion of Pt and 
Au nanocrystals on CNT supports by DP method, resulting in enhanced electrical 
MFC performance. In addition, MFC equipped with CNT-based cathode without 
catalyst in this study, especially MFCS-COOH also displayed greater OCV of 0.45 V and 
Pmax of 89 mW/m
2 than those obtained from the literature of CNT-based cathode (Lu et 
al., 2011; Tsai et al., 2009; Zhang et al., 2011). This might be explained by high 
specific surface area and conductivity of SWCNTs as well as improved CNT 
morphology from filtration in this study which enhanced areas for ORR and improved 
electron transfer capability.  
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Table 6.6 Literature review of MFCs equipped with CNT-based cathodes. 
Carbon paper with Pt/MWCNTs Carbon paper with Pt/MWCNTs 0.91 1342 Sharma et al., 2008 Use of neutral red mediator and 
hexacyanoferrate catholyte, Pt 0.5 
mg/cm
2
Carbon paper with Ru-Pt/ 
MWCNTs
Carbon paper with Ru-Pt/MWCNTs 0.86 1421 Ru-Pt 0.5 mg/cm
2
Carbon cloth with MWCNTs Carbon cloth with Pt/MWCNTs 0.51 65 Tsai et al., 2009 Pt 0.5 mg/cm
2
Carbon cloth with MWCNTs Not reported 63
Carbon paper Carbon cloth with CoTMPP-
FePc/MWCNT-COOH
0.47 751 Deng et al., 2010
Carbon cloth with Pt/MWCNTs 174 Pt 0.5 mg/cm
2
Carbon cloth with MWCNTs 211 Yuan et al., 2011
Carbon cloth with MWCNT-NH2 261
Carbon cloth with MWCNT-COOH 146
Carbon cloth with FePc/MWCNT-NH2 601 FePc 1 mg/cm
2
Not reported
Carbon cloth Carbon cloth with β-MnO2/CNTs 0.47 98 Lu et al., 2011 MnO2 3 mg/cm
2
Carbon cloth with α-MnO2/CNTs 0.42 22
Carbon cloth with γ-MnO2/CNTs 0.47 83
Carbon paper Carbon paper with CNTs 0.40 8 Zhang et al., 2011
Carbon paper with MnO2/CNTs 0.53 210 MnO2 1 mg/cm
2
Pt/SWCNT-COOH/Poreflon 0.50 172 Pt 0.5 mg/cm
2










Graphite fibre Carbon cloth with SWCNTs Not reported 117 Wang et al., 2011a
Carbon cloth This study
Anode material Cathode material
OCV                  
(V)
Not reported




6.4.2.2 Organic Removal Efficiency 
The COD, SS and acetate removal efficiencies and corresponding CE in average are 
summarized in Table 6.7.  
Table 6.7 Organic removal efficiencies from MFCs equipped with various types of cathodes. 
 
COD SS   COD    Acetate   CE
removal  removal              removal  removal   (%) 
(%) (%) (%)  (%)                     
 MFCcc 67±6 68±3 79±7  97±1 2±1
 MFCPt-cc 69±6 74±4 79±6  96±1 11±1
 MFCS-COOH 66±4 74±4 78±4  98±1 4±1
 MFCM-COOH 67±4 75±4 77±4  98±1 5±1
 MFCM-OH 73±6 76±4 79±4  98±1 8±1
 MFCPt(0.5)/CNT 71±4 80±5 79±5  98±1 21±2
 MFCPt(1)/CNT 74±5 83±6 80±5  98±1 39±4
 MFCAu(0.5)/CNT 69±4 76±4 76±3  97±1 15±3
 MFCAu(1)/CNT 71±5 79±4 78±5  97±1 26±3
 MFC
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The best performing MFC for all organic removal efficiencies was the MFCPt(1)/CNT, 
achieving 74 ± 5% COD removal efficiency and 83 ± 6% SS removal efficiency with 
domestic wastewater, and 80 ± 5% COD removal efficiency and 98 ± 1% acetate 
removal efficiency with synthetic acetate wastewater. From MFCs with all types of 
cathodes, the COD removal efficiencies with domestic and synthetic acetate 
wastewater ranged from 66 to 74% and from 76 to 80%, respectively. The SS removal 
efficiency ranged from 68 to 83% while the acetate removal efficiency was over 96% 
for synthetic acetate wastewater. The results showed that no significant differences of 
organic removal efficiencies regarded on the presence and types of catalyst used at the 
cathode. In addition, the organic removal efficiencies of CNT-based cathode MFCs in 
this study were competitive when compared to the published literature with Pt-carbon 
cloth cathodes (Lorenzo et al., 2010; Min and Logan, 2004) and with CNT-based 
cathodes (Lu et al., 2011, Tsai et al., 2009). 
 
In terms of CE, the highest CE was achieved with MFCPt(1)/CNT at 39 ± 4%, which was  
20 and 4 times higher than MFCcc (2 ± 1%) and MFCPt-cc (11 ± 1%), respectively. 
Moreover, MFCAu(1)/CNT (26 ± 3%) displayed CE 13 times higher than MFCcc and twice 
higher than MFCPt-cc. The CE of MFCPt/CNT and MFCAu/CNT in this study was in the 
highest tier in the MFC research, which demonstrated that prepared Pt/SWCNT-
COOH and Au/MWCNT-COOH were effective at converting organic substrates to 
electricity.  This could again be explained by the improved electron transfer and ORR 
of Pt and Au nanocrystals on CNTs. Chung et al. (2011) reported that the formation of 
cathode biofilm may reduce CE value due to a decrease in the cathode surface area and 
an increase in diffusion resistance of oxygen. This may correspond to the lower CE 
from MFCAu/CNT compared to MFCPt/CNT in which more biofilm developed on cathodes 
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was observed from Au/MWCNT-COOH/Poreflon cathode compared to Pt/SWCNT-
COOH/Poreflon cathode (Figure 6.19). 
 
6.4.2.3 Cost Analysis 
The cost of cathode materials used in this study was US$ 400/g for SWCNT-COOH, 
US$ 5.2/g for MWCNT-COOH and MWCNT-OH, US$ 73/g for Pt from 
H2PtCl6.6H2O, US$ 56/g for Au from HAuCl4.3H2O, US$ 270/m
2
 for Poreflon 
membrane, US$ 1,000/m
2 
for plain carbon cloth and US$ 4,600/m
2 
for Pt-carbon cloth. 
To fabricate each reactor, 60 mg of CNTs with/without catalyst together with 15 cm
2
 
of carbon cloth, Pt-carbon cloth and Poreflon membrane were utilized for cathodes in 
this study. Therefore, MWCNT/Poreflon was found to be the most cost-effective 
cathode without catalyst at US$ 0.7/cathode, twice lower than plain carbon cloth (US$ 
1.5/cathode) and 36 times lower than SWCNT/Poreflon (US$ 25/cathode). Compared 
the cost among cathodes with catalysts, Au(0.5)/MWCNT-COOH/Poreflon was 
displayed the most cheapest cathode at US$ 1.6/cathode, followed by Au(1)/MWCNT-
COOH/Poreflon (US$ 2.5/cathode), commercial Pt-carbon cloth (US$ 6.9/cathode) 
with  Pt(1)/SWCNT-COOH/Poreflon exhibited the highest cost at US$ 27.9/cathode.  
 
6.5 Summary 
1)  The optimum conditions of DP method to decorate Pt and Au nanocrystals on 
CNTs were as follows: 
 For Pt/SWCNT-COOH: SWCNT-COOH suspension was mixed with 1.5 mM 
of H2PtCl6.6H2O, followed by adjusting pH to 8. The solution was then stirred under 
refluxing temperature of 80
o
C for 60 min. 
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 For Au/MWCNT-COOH: MWCNT-COOH suspension was mixed with 1.6 
mM of HAuCl4.3H2O, followed by adjusting pH to 6. The solution was then stirred 
under refluxing temperature of 60
o
C for 30 min. 
2)  The DP might be a promising method for decoration of Pt and Au on CNTs due to 
its simple, cost-effective and time-saving procedure with highly efficient to achieve 
small (2.2 and 3.5 nm for Pt and Au, respectively) and highly uniform distribution of 
nanocatalysts. 
3)  Without catalyst, MFCS-COOH exhibited the best MFC performance with the OCV of 
0.45 ± 0.04 V and Pmax 196% higher than the control set from MFCcc. The COD 
removal efficiency, acetate removal efficiency and CE on synthetic acetate wastewater 
were satisfactory at 78 ± 4%, 98 ± 1% and 4 ± 1%, respectively. This could be due to 
excellent specific surface area, high conductivity and unique network structure of 
SWCNT-COOH over carbon cloth.   
4)  With Pt catalyst, the OCV (0.63 ± 0.05 V) and Pmax (261 ± 12 mW/m
2
) from  
MFCPt(1)/CNT were comparable to that obtained from MFCPt-cc (OCV of 0.66 ± 0.06 V 
and Pmax of 270 ± 13 mW/m
2
). Moreover, both MFCPt(1)/CNT and MFCPt(0.5)/CNT 
displayed the lowest internal resistance of 0.3 ± 0.1 Ω.m2 among other MFCs. In 
addition to organic removal efficiencies, MFCPt(1)/CNT provided the best performing at 
80 ± 5% COD removal efficiency, 98 ± 1% acetate removal efficiency and CE at 39 ± 
4%. This could be due to its excellent catalytic activity from small and uniform 
dispersion of Pt nanocrystals from DP together with high specific surface area, high 
conductivity and three-dimensional network structure of SWCNT-COOH. As such, 
Pt/SWCNT-COOH/Poreflon from DP method was identified as possibly good 
candidates to replace commercial Pt-carbon cloth for MFC cathodes. 
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5)  With alternative Au catalyst, the OCV, Pmax and internal resistance of MFCAu(1)/CNT 
were satisfactory at 0.54 ± 0.05 V, 186 ± 11 mW/m
2
 and 0.4 ± 0.1 Ω.m2, respectively. 
Compared to MFCPt-cc, MFCAu(1)/CNT exhibited only 22, 45 and 25% lower OCV, Pmax 
and internal resistance, respectively. In addition to organic removal efficiencies, 
MFCAu(1)/CNT provided the satisfactory results at 78 ± 5% COD removal efficiency, 97 
± 1% acetate removal efficiency and CE at 26 ± 3%, which was higher than that 
obtained from MFCPt-cc. This could be due to the improved catalytic activity for ORR 
of Au nanocrystals from DP method together with excellent catalyst supporting 
material from MWCNT-COOH. For an economic point of view, Au/MWCNT-
COOH/Poreflon was found to be the most cost-effective cathodes (US$ 1.6/cathode), 
which was 4.3 times lower than commercial Pt-carbon cloth (US$ 6.9/cathode). 
Therefore, Au/MWCNT-COOH/Poreflon might be a promising cathode to replace 
commercial Pt-carbon cloth for MFC due to the low cost, low loading amount, simple 
preparation and good MFC performance.  
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CONCLUSIONS AND RECOMMENDATIONS 
 
7.1 Conclusions 
7.1.1 Different Preparation Methods of CNT-based Anodes to 
Improve MFC Performance  
MWCNT-COOH was used as a model CNT material for CNT-based anode, fabricated 
from four different preparation methods, namely spraying, incubation, sputtering and 
filtration. Plain carbon cloth was used as the control. For conventional spraying and 
incubation, MWCNT suspension showed a poor distribution of aggregated MWCNTs 
on the carbon cloth support due to a large loss of MWCNTs during preparation 
process. Novel MWCNT-based anodes were fabricated using sputtering and filtration, 
without Nafion as a binder. A uniform dispersion of MWCNTs with some clusters was 
observed on carbon cloth with the sputtering method; however, this method was 
limited by the complex and expensive CVD system with multiple steps required. 
MWCNT filter-coated on Poreflon membrane was prepared from the following 
optimum conditions: dispersed MWCNT-COOH in 0.5% (v/v) Triton X-100 for 30 
min, vacuum-filtered through a Poreflon membrane and then dried at room 
temperature. The filtration method, based on FESEM images, produced a highly 
entangled CNT network, which improved mechanical strength, supported microbial 
growth and served as nanowires to facilitate electron transfer.  
 
The MWCNT-based anodes, especially that produced by filtration provided enhanced 
anode qualities based on specific surface area, pore volume, pore diameter, roughness, 
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conductivity and toughness over the control plain carbon cloth. In addition, the 
qualities of MWCNT-based anodes depended on MWCNT amounts coated on 
supporting materials. High specific surface area and roughness facilitated microbial 
colonization, while high porosity favoured substrate diffusion and microbial 
colonization deep inside the anodes. In addition, high specific surface area and 
porosity provided more active areas for bacterial catalytic substrate oxidation. High 
conductivity of anodes enhanced electron transfer from microbes to the anode and then 
from the anode through the circuit. In addition, high tensile strength allowed anodes to 
be handled and served as MFC anodes. 
 
The MFCs equipped with MWCNT-based anodes showed better performance than that 
obtained from the carbon-cloth control. This was explained by morphological, 
electrical and physical properties of MWCNTs, resulting in improvement of microbial 
attachment, electron transfer capability, substrate diffusion and substrate oxidation. 
Especially, the MFCfilter exhibited the best MFC performance in terms of power 
generation and organic removal efficiency due to the highest MWCNT amounts coated 
on the membrane support. It greatly enhanced an OCV to 0.75 ± 0.03 V and displayed 
a Pmax 2.1 times higher than the control. COD removal efficiency, acetate removal 
efficiency and CE on synthetic acetate wastewater were satisfactory at 86 ± 5%, 96 ± 
3% and 24 ± 3%, respectively. In terms of cost analysis, MWCNT filter-coated on 
Poreflon membrane was the most cost-effective materials among other anodes. Based 
on the results, the filtration exhibited the best preparation method for MWCNT-based 
anodes due to excellent morphological criteria, physical characteristics and 
performance in an actual MFC system of MWCNT filter-coated on Poreflon 
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membrane. In addition, this method was simple, cost-effective, time-saving and 
highly-efficient providing a uniform and dense MWCNT structure. 
 
7.1.2 Different Types of CNT-based Anodes to Improve MFC 
Performance  
To investigate impacts of CNT nature and functional groups of CNT-based anodes, 
SWCNT-COOH, MWCNT-COOH and MWCNT-OH were used to fabricate CNT 
filter-coated on membrane using filtration. For this purpose, CNTs were dispersed in 
adequate dispersion solvent by ultrasonication: SWCNT-COOH was dispersed in DI 
water for 60 min, MWCNT-COOH was dispersed in 0.5% (v/v) Triton X-100 for 30 
min and MWCNT-OH was dispersed in 1.0% (v/v) SDS for 60 min. The suspension 
was then vacuum-filtered through a Poreflon membrane, followed by drying at room 
temperature. Plain carbon cloth was used as an anode control. 
 
The CNT filter-coated on membrane, especially that produced from MWCNT-OH 
provided better anode qualities based on morphology, specific surface area, pore 
volume, pore diameter, roughness, and conductivity over the plain carbon cloth. It 
showed a uniform dispersion of highly entangled MWCNT-OH networks, which 
supported the growth of microbes and served as nanowires to facilitate electron 
transfer. In addition, from FESEM images, it was observed that SWCNTs formed 
densely packed and extremely thin fibres, while MWCNTs formed a porous structure 
with thicker fibres that supported substrate diffusion and microbial colonization. For 
specific surface area, MWCNT-OH exhibited the highest value, followed by 
MWCNT-COOH, SWCNT-COOH and plain carbon cloth. The same trend was seen 
for the pore volume, pore diameter and roughness. The higher roughness of MWCNTs 
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as compared to SWCNTs was related to the lower degree of CNT entanglement. In 
terms of conductivity, the anodes were ranked accordingly: SWCNT-COOH > 
MWCNT-OH > MWCNT-COOH > plain carbon cloth. The higher conductivity of 
SWCNTs as compared to MWCNTs directly related to their higher degree of 
entanglement, resulting in a more compact structure. 
 
For biocompatibility studies with E. coli, MWCNT-COOH and MWCNT-OH were 
biocompatible at concentration ranges of 50 - 2000 mg/l in NB solution and 10 - 400 
mg/l on NB agar plates, while SWCNT-COOH inhibited E. coli formation at 
concentrations of SWCNT-COOH ≥ 1000 mg/l in NB solution and ≥ 200 mg/l on NB 
agar plates. In addition, based on FESEM images, E. coli growth clearly showed some 
severe damaged cells and morphological change of cells on SWCNT-COOH filter-
coated on Poreflon membrane. Therefore, SWCNT-COOH was found to be unsuitable 
as an anode material in MFCs.   
 
The MFC equipped with MWCNT filter-coated on Poreflon membrane anode showed 
better performance than that from SWCNT anode. This was explained by the looser 
network dispersion and rougher surface of MWCNT, resulting in improvement of 
microbial attachment, substrate transportation and substrate oxidation. Compared to 
MFCM-COOH, MFCM-OH displayed better performance due to the larger spaces for 
microbial growth and stronger adhesion forces between the bacterial cell walls and the 
surface of MWCNT-OH. As such, MFCM-OH exhibited the best MFC performance in 
terms of power generation and organic removal efficiency. It achieved an OCV of 0.75 
± 0.02 V and an internal resistance of 0.8 ± 0.1 .m2, and displayed a Pmax 2.3 times 
higher than the control. COD removal efficiency, acetate removal efficiency and CE on 
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synthetic acetate wastewater were very satisfactory at 89 ± 4%, 98 ± 1% and 32 ± 4%, 
respectively. In addition, MWCNT filter-coated on Poreflon membrane was the most 
cost-effective materials among other anodes. Therefore, MWCNT-OH filter-coated on 
Poreflon membrane was identified as possibly good candidates to replace conventional 
carbon cloth for MFC anodes. 
 
The variation of HRT, acetate concentration and external resistance for MFC operation 
was optimized. Increasing the HRT (5 - 10 h) for domestic wastewater increased the 
COD removal efficiency and the CE, while the Pmax decreased. To compromise both 
the power generation and organic removal efficiency, HRT of 7.5 h was selected to 
operate in this MFC system. Increasing the acetate concentration (0.1 - 2 g/l) increased 
the Pmax and the COD removal efficiency, while the CE decreased. The appropriate 
acetate concentration in this study was 2 g/l. Increasing the external resistance (5 - 
1000 ) for synthetic wastewater decreased the Pmax, the COD removal efficiency and 
the CE. As such, external resistance of 5  was chosen to operate in this study. 
 
7.1.3 Different Types of CNT-based Cathodes to Improve MFC  
          Performance 
To investigate impacts of the CNT nature with their functional groups and 
concentrations of the metal catalysts, SWCNT-COOH, MWCNT-COOH, MWCNT-
OH, Pt/SWCNT-COOH and Au/MWCNT-COOH were used to fabricate CNT-based 
cathodes by a filtration on Poreflon membrane. Plain carbon cloth and Pt-carbon cloth 
were used as cathode controls. 
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The DP method was used to decorate Pt and Au nanocatalysts on SWCNT-COOH and 
MWCNT-COOH, respectively. Small (2.2 nm) and uniform dispersion of Pt on 
SWCNT-COOH were obtained by mixing SWCNT-COOH suspension with 1.5 mM 
H2PtCl6.6H2O solution, followed by adjusting pH to 8. The solution was then stirred 
under refluxing temperature of 80
o
C for 60 min. To decorate Au on MWCNT-COOH, 
MWCNT-COOH suspension was mixed with 1.6 mM HAuCl4.3H2O solution, 
followed by adjusting pH to 6. The solution was then stirred under refluxing conditions 
at 60
o
C for 30 min, achieving small (3.5 nm) and uniform distribution of Au. Smaller 
sizes and more uniform dispersion of metal nanocatalyst provided higher catalytic 
activity. Based on the results, a simple, cost-effective, time-saving and highly-efficient 
DP might be a promising method for decoration of Pt and Au nanocatalysts on CNT 
supports. 
 
The CNT-based cathodes provided better cathode qualities based on morphology, 
specific surface area and conductivity over the control plain carbon cloth and Pt-
carbon cloth. Without catalyst, SWCNT-COOH filter-coated on Poreflon membrane 
provided the highest conductivity, while MWCNT-OH provided the highest specific 
surface area. With catalyst, Pt(1)/SWCNT-COOH filter-coated on Poreflon membrane 
provided the highest conductivity, while Au(1)/MWCNT-COOH provided the highest 
specific surface area. All CNT-based cathodes clearly showed a uniform dispersion of 
highly entangled three-dimensional CNT networks, which supported the deposition of 
nanocatalysts, served as nanowires to facilitate electron transfer and improved the 
transition catalytic activity due to the three-phase ORR. Higher specific surface area 
was deposited more nanocatalysts and enhanced more exposed areas for ORR, while 
higher conductivity enhanced electron transfer capability.  
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With the absence of catalyst, MFCS-COOH exhibited the best MFC performance with an 
OCV of 0.45 ± 0.04 V, an internal resistance of 0.6 ± 0.1 .m2 and a Pmax 3 times 
higher than the control MFCcc. COD removal efficiency, acetate removal efficiency 
and CE on synthetic acetate wastewater were satisfactory at 78 ± 4%, 98 ± 1% and 4 ± 
1%, respectively. This was due to excellent specific surface area, high conductivity 
and unique network structure of SWCNT-COOH, resulting in increasing exposed 
active areas for ORR and improving electron transfer capability during ORR. 
 
MFC equipped with cathodes with catalyst displayed even better electrical MFC 
performance due to catalyst deposited on supporting materials, which decreased the 
cathodic reaction activation energy and improved the kinetics of ORR at the cathode 
surfaces. With Pt catalyst, the OCV (0.63 ± 0.05 V) and Pmax (261 ± 12 mW/m2) from 
the MFCPt(1)/CNT were comparable to that obtained from the control MFCPt-cc (OCV of 
0.66 ± 0.06 V and Pmax of 270 ± 13 mW/m
2
). In addition, both MFCPt(1)/CNT and 
MFCPt(0.5)/CNT displayed the lowest internal resistance of 0.3 ± 0.1 Ω.m
2
 among other 
MFCs. In addition to organic removal efficiencies, MFCPt(1)/CNT provided the best 
performing at 80 ± 5% COD removal efficiency, 98 ± 1% acetate removal efficiency 
and CE at 39 ± 4%. This was due to its excellent catalytic activity from small and 
uniform dispersion of Pt nanocrystals together with high specific surface area, high 
conductivity and three-dimensional network structure of SWCNT-COOH. As such, 
Pt/SWCNT-COOH filter-coated on Poreflon membrane from DP method was 
identified as possibly good candidates to replace commercial Pt-carbon cloth for MFC 
cathodes. 
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With the alternative Au catalyst, the OCV, internal resistance and Pmax of MFCAu(1)/CNT 
were satisfactory at 0.54 ± 0.05 V, 0.4 ± 0.1 Ω.m2 and 186 ± 11 mW/m2, respectively. 
Compared to MFCPt-cc, MFCAu(1)/CNT exhibited only 22, 25 and 45% lower OCV, 
internal resistance and Pmax, respectively. In addition to organic removal efficiencies, 
MFCAu(1)/CNT provided the satisfactory results at 78 ± 5% COD removal efficiency, 97 
± 1% acetate removal efficiency and CE at 26 ± 3%, which was higher than that 
obtained from MFCPt-cc. This was explained by the improved catalytic activity for 
ORR of Au nanocrystals from DP method together with excellent catalyst supporting 
material from MWCNT-COOH. In addition to an economic point of view, 
Au/MWCNT-COOH filter-coated on Poreflon membrane was found to be the most 
cost-effective cathodes and was 4.3 times lower than commercial Pt-carbon cloth. 
Therefore, Au/MWCNT-COOH filter-coated on Poreflon membrane was a promising 
cathode to replace commercial Pt-carbon cloth for MFC due to the low cost, low 
loading amount, simple preparation and good MFC performance.  
 
7.2 Recommendations 
The recommendations below are directions that need to be set for future MFC studies 
to attain better performance of CNT-based electrodes in the very near future. 
7.2.1 CNT-based Anodes 
 After MFC operation, biofilm on anode surface should be collected and 
conducted 16S rRNA gene-based molecular analysis. Community fingerprints 
obtained from this process should be able to describe the microbial community formed 
on the anodes from the various types of CNT-based anode. As such, impacts of CNT 
nature and functional groups on microbial community would be clearly understood. 
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 More studies of impacts of CNT nature and functional groups on MFC 
performance should be further looked into, for example double-walled CNT 
(DWCNT), SWCNT with -OH groups, SWCNT with -NH2 groups and MWCNT with 
-NH2 groups. In addition, a mixture of SWCNT and MWCNT with various ratios for 
CNT-based anodes would be considered in order to improve anode characteristics 
based on conductivity, specific surface area and porosity. The influence of metal 
nanocrystals on CNT anode surfaces on bacterial attachment and electron transfer 
capability should be investigated.  
 For biocompatibility studies of E. coli growth on CNTs, the concentration of 
CNTs on NB agar plate should increase until 1500 mg/l in order to obtain the same 
concentration of CNTs for CNT-based anode. More biocompatibility studies on 
exoelectrogens (e.g. Geobacter metallireducens and Pseudomonas aeruginos) should 
be further investigated. In addition, the exact mechanisms of CNTs that lead to damage 
cell membranes should be further explained.   
 To improve property of CNT-based anodes from spraying method, adding a 
layer of carbon black on the carbon cloth prior to spray coating of CNTs would reduce 
a loss of CNT suspension. In addition, alternative binder (e.g. PTFE and 
polyphenylsulfone) to Nafion should be considered in order to reduce resistivity from 
Nafion.  
 
7.2.2 CNT-based Cathodes 
 To understand the mechanisms of decoration of Pt and Au nanocatalysts on 
CNTs during DP method, further study using x-ray photoelectron spectroscopy (XPS) 
should be conducted. Electrocatalytic activity for ORR activity of prepared 
Pt/SWCNT-COOH and Au/MWCNT-COOH should be further verified by cyclic 
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voltammetry (CV) or linear sweep voltammetry (LSV) using a potentiostat. In 
addition, the stability of catalysts and CNT-based cathodes should be further studied in 
order to improve feasibility of long-term MFC operation.  
 Pt/SWCNT-COOH and Au/MWCNT-COOH by DP method should be 
compared based on catalyst and cathode characterizations with those prepared from 
other decoration methods, namely impregnation, electrodeposition and sputtering. In 
addition, conventional carbon black Vulcan XC-72 should be used as a control support 
for Pt and Au catalysts.   
 Even though MFCPt(1)/CNT exhibited great electrical MFC performance, which 
was close to the control MFCPt-cc and also displayed better organic removal 
efficiencies than MFCPt-cc, the cost of prepared Pt/SWCNT-COOH/Poreflon was 4 
times higher than commercial Pt-carbon cloth. This was due to the high cost of 
SWCNT-COOH support itself. As such, decoration of Pt nanocrystals on alternative 
MWCNT-COOH or MWCNT-OH supports may be beneficial in reducing cathode 
cost, which MWCNT-COOH and MWCNT-OH (US$ 5.2/g) were 77 times cheaper 
than SWCNT-COOH (US$ 400/g). To further reduce the cost of cathode, alternative 
catalysts such as Co, Fe and Mn should be distributed on MWCNT-COOH or 
MWCNT-OH using DP method. In addition, Pt alloyed with a second metal such as 
Sn, Co, Fe and Ni on CNTs should be fabricated in order to prevent poisoning 
problems and decrease cost associated with Pt. 
 Finally, continuing studies on CNT-based electrodes would be beneficial to 
improve MFC performance in terms of power generation and organic removal 
efficiency. Further MFC set-up should be focus on both CNT-based anodes and CNT-
based cathodes with different CNT nature, functional groups on CNTs and catalyst. 
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7.2.3 MFC Applications 
 Internal resistance is one of the crucial bottlenecks hampering the upscale of 
the MFC technology. Upon increasing the MFC size, the internal resistance will at best 
remain at the same level, while the current flowing through the system increases and 
causes considerable potential losses. As such, the size of the upscaled MFC will be 
limited.  The modification of the MFC configuration and the selection of PEM are the 
strategies to improve internal resistance. Decreasing the distance between the anode 
and the cathode might lower the internal resistance. In addition, alternative PEM to 
Nafion (e.g. polycarbonate) should be further investigated to reduce the internal 
resistance from PEM.   
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